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I. INTRODUCTION 
Reversible protein phosphorylation is a fundamental mechanism in the regulation of 
a large number of biological functions. Achievement of such control requires co-
ordinated action of the interconverting enzymes: protein kinases and protein 
phosphatases (PPases). In eukaryotic cells, four major classes of serine/threonine-
specific PPases (PP1, PP2A, PP2B and PP2C) have been identified according to the 
biochemical criteria (Cohen, 1989). Catalytic subunits of PP1 and PP2A are encoded by 
two related gene families (reviewed by Cohen, 1997). Protein phosphatase 1 (PP1) has 
broad substrate specificity in vitro and is sensitive to heat-stable proteins termed 
inhibitor-1 and -2. The catalytic subunit of protein phosphatase 2A (PP2A) shares 50% 
homology with PP1 at the level of amino acid sequence, but is not inhibited by 
inhibitor-1 or -2 (Wera and Hemmings, 1995). These two phosphatases can be 
distinguished by differential sensitivity towards non-protein inhibitors such as okadaic 
acid (OA), cantharidin or endothall (ET) (MacKintosh and MacKintosh, 1994). A high 
degree of homology amongst members of the same family, and a high degree of 
evolutionary conservation between organisms as divergent as mammals and yeast, 
implies that these enzymes are involved in fundamental cell functions (Dombr&di, 
1997). The analysis of mutants in serine/threonine PPases indicates that these enzymes 
are involved in the control of structural and functional elements associated with mitosis. 
Mutation in PP2A catalytic subunit genes resulted in defects in spindle assembly and 
microtubule growth (Kinoshita et al., 1993; Snaith et al., 1996; Evans and Stark, 1997), 
as did some mutants in PP2A regulatory subunit genes (Gomes et al., 1993; Kinoshita et 
al., 1996). Mutations in PP1 catalytic subunit genes of Saccharomyces cerevisiae (Black 
et al., 1995), Schizosaccharomyces pombe (Ohkura et al., 1988, Ohkura et al., 1989), 
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Aspergillus nidulans (Doonan and Morris, 1989) and Drosophila (Axton et al., 1990) 
resulted in complex mitotic phenotypes with condensed chromosomes, abnormal 
spindles and chromosome separation malfunction. During mitotic regulation, PPases 
take part in changing the dephosphorylation status of specific phosphoprotein substrates 
including cell division related kinases, which have been linked to the processes of 
chromosome condensation, nucleolar dispersion, nuclear envelope breakdown and 
certain aspects of mitotic spindle formation (Draetta et al., 1989; Draetta and Beach, 
1989; Lohka, 1989; Moreno et al., 1989; Norbury and Nurse, 1989). For example, 
downregulation of cdc2 kinase at the onset of mitosis by PP2A has been shown in a 
variety of eukaryotes excluding plants (in Xenopus; Felix et al., 1989; Lee, 1995, in 
starfish; Picard et al., 1991, and in budding yeast; Evans and Stark, 1997). It is known 
that several homologues of cdc2 kinase (p34cdc2) exist in a variety of higher plants 
(Dudits et al., 1998; Mironov et al., 1997). Considering the activity profiles of the 
alfalfa kinases (cdc2MsA/B; MsD; MsF) defined patterns can be recognised that show a 
high activity of cdc2MsA/B in the G2 phase and an activity peak for cdc2MsF in mitotic 
cells. The special role of cdc2MsF kinase in mitosis was further emphasised by the 
localisation of this kinase in preprophase band (PPB), perinuclear ring in early 
prophase, mitotic spindle, and phragmoplast (Mészáros et al., 2000). Different aspects 
of the regulation of cell cycle kinases have been extensively analysed, although the role 
of PPases in the regulation of plant division-related kinases has not been fully 
uncovered, yet. Treatment of plant cells with phosphatase inhibitors caused severe 
cytological abnormalities, indicating the involvement of these enzymes in basic cellular 
functions (Zhang et al., 1992; Baskin and Wilson, 1997). 
In the work presented in this thesis, we used a herbicide (Endothall: ET) to study the 
effects of PPase inhibition on mitotic regulation in cultured alfalfa cells. ET is a potent 
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and specific inhibitor of PP2A and PP1 (Li et al., 1993). It is particularly useful for 
intact plant cell studies, since it is water soluble and can be taken up both by suspension 
culture cells and by different tissues of intact plants, whereas other phosphatase 
inhibitors do not appear to penetrate all types of cells (Matsuzawa et al., 1987; 
MacKintosh et al., 1994). We have analysed the concentration-dependent effects of ET 
on growth parameters of whole plants and of suspension cultured cells. Then we have 
analysed the concentration-dependent effects of ET on chromosome condensation and 
the effect of low concentrations of ET at G2/M border from the point of cytoskeleton 
(both microfilaments and microtubules) and nuclear entry into mitosis in relation to 
changes in the kinase activities of different alfalfa p34cdc2-related kinases. Finally, 
immunolocalisation patterns of these kinases were determined and interrelation between 
phosphatases and kinases during cell division was discussed. 
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II. SCIENTIFIC BACKGROUND 
1) Overview of Cell Division 
The circumstances under which cells divide and 
DNA is replicated are somewhat more complicated 
in eukaryotes than in prokaryotes. DNA replication 
in bacteria is an almost continuous process, at least 
during exponential growth. The somatic cells of 
eukaryotes, on the other hand, typically divide much less frequently (and some, in mature 
organisms, not at all). Those that are dividing in growing tissues exhibit a well-defined cell 
cycle, which is separated into several distinct phases. We can arbitrarily begin to explain 
the basics of cell division cycle from what is called the G1 phase (or first gap phase). At 
this point, the cells will contain two copies of chromosomal DNA in the interphase nucleus, 
the normal diploid stage of a eukaryotic cell. In the G1 phase, the commitment of cells to 
divide can be triggered by a variety of endogenous and exogenous factors, in a yet not very 
well-defined fashion. In certain cell types the cycling state can be held up and the cells stay 
in differentiated form in GO phase and the re-entering of GO cells into G1 requires the 
influence of growth stimulators. Since division will first require doubling of DNA content, 
and the new chromatin will need new histones, synthesis of histones is one of the first 
indications of incipient DNA replication. The cell then enters synthesis, S phase, during 
which the DNA is replicated and histones and non-histone proteins are deposited on the 
daughter DNA molecules to reproduce the chromatin structures. When chromatin 
replication is complete, the cell enters what is called the second gap, or G2 phase. During 
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this whole G1-S-G2 period, which is termed interphase, the chromatin is dispersed 
throughout the nucleus and is actively engaged in transcription. At the end of G2, the cell is 
ready to enter the process called mitosis when chromosomes are condensed and separated 
into the daughter cells. Mitosis is a multi-stage process, and has been terminologically 
divided into phases. In prophase nuclear membrane disintegrates and condensation of 
chromosomes takes place, in metaphase condensed chromosomes align at the plane of 
division and the mitotic spindle forms. Microtubules pull pairs of chromatids apart 
(anaphase) so that the daughter cells will receive identical sets of chromosomes. In 
telophase the nuclear membrane then reforms about each daughter nucleus, chromosomes 
decondense and the cell itself divides. After completion of mitosis a new cycle begins with 
the G1 phase. 
What design features should a proper cell cycle control system incorporate? An 
incomplete list would include: (1) A control system must monitor and respond to 
developmental cues and/or ambient conditions in order to assure that the 
% 
divide/differentiate choice is judiciously made. This decision point, late in Gl, is known as 
START in yeast (Hartwell, 1974), the Restriction point in cultured mammalian cells 
(Pardee, 1989), and probably represents the Gl "Principal Control Point" in the plant cell 
cycle. (Van't Hof, 1985). (2) Cells must not be permitted to enter mitosis until the nuclear 
DNA has been replicated exactly once; otherwise, daughter cells might receive unequal and 
possibly incomplete complements of the genome (Enoch and Nurse, 1991). (3) Cytokinesis 
should not proceed if spindle malfunction has prevented proper chromosome segregation in 
mitosis (Nurse, 1991), As the fourth item we can list that the chromosome replication must 
not begin if a mitosis has not been completed since the last round of replication (Broek et 
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al., 1991). Finally, signals and checks to ensure the timely doubling of organelles and 
cytoplasmic structures must be incorporated into the mitotic regulatory framework. 
A variety of schemes can be envisioned by which cells could ensure such an orderly 
progression of cell cycle events. A relatively primitive strategy would be to schedule the 
synthesis of essential components for each step to coincide with the moment or period of 
their requirement. Alternatively, later events could be made directly dependent upon the 
products of earlier steps. A third, more hierarchical solution, that of "checkpoint" control, 
has attracted considerable attention (Hartwell and Weinert, 1989). Here, cell cycle progress 
is monitored by a set of dedicated surveillance systems that preclude specific events in the 
absence of successful completion of preceding ones. The mitotic control networks of yeast 
and animal cells incorporate features of both the sequential dependence and checkpoint 
strategies. 
The two principal decision points (G1 to S and G2 to M) are regulated by a combination 
of transcriptional, posttranslational and quaternary protein association mechanisms and the 
role of reversible phosphorylation, during these events is almost universally conserved. 
Reversible phosphorylation, as the name implies, needs a phosphorylating (kinase) and a 
dephosphorylating (phosphatase) counterpart. 
2) Cyclin-Dependent Kinases (CDKs) 
Cell division is one of the most conspicuous features of life and thus several elements of 
the control of cell division are common to both prokaryotes and eukaryotes. The degree of 
evolutionary conservation is especially striking among eukaryotes, where progression 
through successive phases of the cell cycle (S, G2, M and Gl) in species as diverse as yeast 
and human are driven by common class of heterodimeric serine/threonine protein kinases. 
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These kinases consist of a catalytic subunit, termed cyclin-dependent kinase (CDK) and an 
activating subunit, cyclin (Nigg, 1995). The first indication that this commonality might 
extend to plant kingdom came with the identification of a plant protein immunologically 
related to the CDKs (John et al., 1989), a finding that was followed by the cloning of a 
cDNA fragment encoding a CDK-like protein from pea (Feiler and Jacobs, 1990). The real 
functional evidences were generated by yeast complementation studies (Colasanti et al., 
1991; Hirt et al., 1991). Three laboratories simultaneously published that plant (alfalfa, 
maize and Arabidopsis) cdc2/CDC28 homologs can restore the kinase function in 
temperature sensitive yeast mutants. Subsequently it became clear that several putative 
CDKs and cyclins are present in each plant species and at least some of them are pertinent 
to our understanding of cell division control (Hemerly et al., 1995, Doerner et al., 1996; 
Dudits et al., 1998) 
2.1 Plant CDKs and Cvclins in the Cell Cvcle 
Over the past years, intensive cloning efforts have identified a large number of CDK-like 
proteins in diverse plant species, among which at least five types can be distinguished on 
the basis of their sequences (Segers et al., 1997, Mészáros et al., 2000) The best 
characterised plant CDKs belong to the A-type class. This class comprises kinases most 
closely related to the prototypical CDKs, yeast cdc2/CDC28 and animal CDK1 and CDK2, 
which share the conserved PSTAIRE motif in the cyclin binding domain. In addition to this 
large'group of CDKs several non-PSTAIRE CDKs have been described in plants. Some of 
them can not be clearly affiliated with any other class of CDKs on the basis of sequence 
similarity (see Table 1). The situation may even be more complex as shown in alfalfa 
(Magyar et al., 1997), therefore we have to postulate that, plant species possess more than 
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one representative of a given type of CDK. Currently only A and B classes of CDKs are 
well defined; other classes are represented only by one or two known members whose 
distribution in the plant kingdom remains unclear. 
A similar situation exists with the cyclins. Numerous cDNAs encoding putative cyclins 
have been identified in a diverse range of plant species (Renaudin et al., 1996) Alfalfa 
possess at least 6 whereas Arabidopsis 15 cyclins. Analysis of the deduced peptide 
sequences in the conserved "cyclin box" has enabled the classification of these cyclins into 
nine groups: Al, A2, A3, Bl, B2, Dl, D2, D3, D4 with the lettering scheme reflecting their 
similarities with the mammalian cyclins A, B and D. More recently, cyclins with similarity 
to mammalian cyclin C have been identified in rice and Arabidopsis thus adding even 
greater complexity to efforts to classify plant cyclins. 
Routinely, CDK activity is assessed by histone HI phosphorylation and substantial 
biochemical evidence for the presence of CDK activity in diverse plant cells has been 
generated by using histone HI as a substrate for CDK complexes purified by pl3sucl and 
affinity-purified antibodies. Histone HI kinase activity specifically associated with A-type 
CDKs has been analysed in partially synchronised suspension cells of alfalfa (Magyar et 
al, 1997). Similar approach in tobacco and Arabidopsis consistently demonstrate high 
kinase activity in S, G2 and M phases with a pronounced recession in Gl. 
By contrast, the activity of B-type kinases is prominently linked to mitosis. The activity 
of CDC2MsF sharply peaks in mitosis in partially synchronised alfalfa cells (Magyar et al, 
1997, Ayaydin et al., 2000). Similarly, J.P. Reichheld and D.Inze (unpublished results) 
used specific antibodies against Arabidopsis CDC2AtB to immunoprecipitate the histone 
kinase activity associated with B-type CDKs in partially synchronised suspension cells and 
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have found that the activity associated with CDC2AtB in Arabidopsis and the cognate 
protein of tobacco, peak in the early M phase. 
Discovery of interacting kinase and cyclin partners in defined, cell cycle phase specific 
kinase complexes has high priority in current plant cell cycle research. Among several 
approaches, the yeast two-hybrid system can provide useful information on the potential 
protein-protein interactions in a heterologous in vivo system. Recently, a search for proteins 
interacting with cdcd2MsA kinase has been carried out by Mészáros et al. (2000) in the 
yeast two-hybrid system harbouring cDNA clones from a somatic embryo-derived library 
and cdc2MsA as bait. This screen provided two new D-type cyclin cDNAs (Medsa: CycD4 
and Medsa:CycD5) that encode proteins related to cyclin Ms4 (Medsa:CycD3;l) and 
exhibited PEST and Retinoblastoma-binding motifs (Pettkő-Szandtner et al., unpublished 
results). These three D-type cyclins differ significantly in interaction with the various Cdc2-
related kinases in an advanced yeast two-hybrid system with high selectivity. 
Medsa:CycD3\\ failed to interact with any of these kinases, whereas Medsa:CycD5 showed 
preferential binding to the PSTAIRE kinases (Cdc2MsA,B). On the other hand, cyclin D4 
may represent a new class of D-type cyclins, because it can interact with the typical mitotic 
kinase (Cdc2MsF). 
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Table 1: Classification of CDKs in Plants 
Class Cyclin 
Binding 
Motif 
Typical 
Phase 
Dependence" 
Members 
Discussed 
Closest 
Mammal ian 
Homologue 
Comments* 
A-type PSTAIRE Non-specific CDC2aAt 
CDC2aMs 
CDC2bMs 
CDC2aZm 
CDK1, CDK2 Many complement yeast 
cdc2/CDC28 mutants; expressed 
in cycling cells and cells showing 
competence for division; high 
kinase activity in S, G2 and M 
B-type PPTALRE 
PPTTLRE 
S/G2/(M) 
G2/M 
CDC2bAt 
CDC2dMs 
CDC2fMs 
Unknown 
Unknown 
Unknown 
Do not complement yeast 
cdc2/CDC28 mutants; maximum 
kinase activity in M; expressed 
typically in dividing cells 
Nonclassified 
CDKs 
NFTALRE 
PITAIRE 
SPTAIRE 
Gl/S(?)b 
Non-specific 
Non-specific 
R2 
CDC2cMs 
CDC2eMs 
CDK7 (CAK) 
CHED kinase? 
CDK8? 
Phosphorylates CDKs and/or the 
large subunit of RNA 
polymerase II; complements 
civl/cakl mutant in budding 
yeast 
* At the transcriptional level b Question marks denote uncertainty * For references see Segers et al., 1997 
2.2 Regulation of CDK Activity 
In yeast and animals, CDK activity is regulated at several levels, including expression, 
differential subcellular localisation, phosphorylation, proteolysis and interaction with 
regulatory proteins. 
2.2.1 Expression of CDK and Cyclin genes 
The expression of plant CDK and cyclin genes has been studied rather extensively at the 
level of transcript accumulation. As a result, we know now that some plant CDK mRNA 
levels fluctuate, as do expression of many plant cyclins. In particular, all the B-type kinases 
analysed so far accumulate transcripts preferentially either in S and G2 or in G2 and M 
phases (Fobert et al., 1994, 1996; Segers et al., 1996; Magyar et al., 1997; Umeda et aL, 
1999). In contrast cell cycle phase-independent expression is typical of the majority of the 
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plant A-type CDK genes (Martinez et al., 1992; Hemerly et al., 1993; Magyar et al., 1993, 
1997; Fobert et al, 1996; Segers et al., 1996; Setiady et al., 1996; Sauter 1997; Umeda et 
al., 1999). 
The expression profiles of plant CDK genes other than A or B type genes have drawn 
much less attention. The transcript of rice CDK R2 is more abundant in G1 and S in 
partially synchronised rice suspension cells (Sauter, 1997) but is rather constant in rice root 
meristems (Umeda et al., 1999). The expression of CDC2MsC and CDC2MsE genes in 
partially synchronised alfalfa suspension cells remained constant throughout the cell cycle, 
on the other hand, transcripts of CDC2MsD and CDC2MsF genes were more abundant in 
G2 and M phases. (Magyar et al., 1997). 
As it is in animals, phase-dependent regulation of A- and B-type cyclins in plants is 
under transcriptional control. Moreover it seems to be a fair degree of correlation between 
the temporal expression pattern and the cyclin class as defined by primary structure (Fobert 
et al., 1994; Kouchi et al, 1995; Meskiene et al., 1995; Setiady et al., 1995; Reichheld et 
al., 1996; Segers et al., 1996; Shaul et al., 1996; Sauter, 1997; Lorbiechke and Sauter, 
1999). Interestingly the cyclin CYCA2;1 from alfalfa, related to the A2 group, is 
nevertheless expressed uniformly throughout the cell cycle and has consequently been 
proposed to play a role in G1 (Meskiene et al., 1995). In terms of the mechanisms of the G1 
phase transition in plants, it is important to find out whether functional homologues of 
Medsa;CYCA2;l are present in other species. 
The majority of D-type cyclins in both plants and animals manifests fairly constant 
expression levels throughout the cell cycle (Dahl et al., 1995; Soni et al., 1995; Doonan and 
Fobert, 1997) Plant D cyclins, by analogy with their animal homologues, have been 
proposed to control G1 progression in response to growth factors and nutrients (Dahl et al., 
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1995; Soni et al., 1995). Unexpectedly, cyclins CYCD2;1 and CYCD3;1 from tobacco are 
found to be expressed predominantly during G2 to M transition, suggesting that D-type 
cyclins in plants may also be involved in mitotic events (Sorrell et al., 1999). This 
suggestion is supported by the findings that alfalfa D-type cyclins can interact with typical 
mitotic kinases (Cdc2MsD and Cdc2MsF) in yeast two hybrid test (Mészáros et al.,2000). 
Relatively little is known regarding the degree of correlation between the cyclin protein 
levels of the plant cell and the transcriptional patterns stated above. The protein levels of A-
type CDKs are rather stable throughout the cell cycle (Bögre et al., 1997; Magyar et al., 
1997; Mews et al., 1997; Reichheld and D. Inze, unpublished results) Protein levels of B-
type CDKs clearly peak in M phase (Magyar et al., 1997; Umeda et al., 1999; Reichheld 
and D. Inze, unpublished results) 
The only relevant information about the expression of plant cyclins is provided by Mews 
et al., (1997) who used indirect immunofluorescence to localise four mitotic cyclins in the 
Al, B1 and B2 groups in maize root tip cells. The results seem to confirm prevalence of 
cyclins in G2 and further suggest their persistence (with the exception of CYCB1;2) well 
into telophase. In this regard, it is worth noting that cyclins (PCL2 and PCL9) with specific 
functions in the completion of mitosis have recently been identified in yeast (Aeme et al., 
1998). 
2.2.2 Subcellular Localisation of Plant CDKs 
A steadily accumulating body of evidences points to the control of subcellular 
localisation of a number of essential proteins, particularly CDC2, cyclin B, cyclin D, 
CDC25 and CDC6, as an important mechanism of cell cycle control in eukaryotes (Pines, 
1999). In plants, this aspect of regulation has been addressed only for A-type CDKs and 
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four mitotic cyclins. A-type CDKs, when assayed by indirect immunofluorescence, were 
predominantly found in the interphase and early prophase nucleus in maize, alfalfa and 
Arabidopsis and to a lesser extent in the cytoplasm (Colasanti et al., 1993; Mews et al., 
1996,1997; Bogre et al., 1997; Stals et al., 1997). 
During mitosis, A-type CDKs have been found in association with a number of 
cytoskeletal structures, such as the PPB, spindle and phragmoplast. They also transiently 
interact with the chromosomes at the metaphase-anaphase transition in alfalfa (Stals et al., 
1997) but apparently not in maize (Mews et al., 1997). Cytoplasmic labelling progressively 
declines as the cells of maize root cells exit the mitotic cycle and differentiate. However the 
cognate proteins persist in the nuclei through all the developmental zones, including in the 
differentiating cells (Mews et al., 1996). This observation may indicate that nuclear 
localisation renders A-type plant CDKs less susceptible to proteolysis. However Bogre et 
al., (1997) have observed that comparable amounts of A-type CDKs were present in the 
cytoplasmic and nuclear fractions of alfalfa cells in S phase whereas the proteins were 
detectable by immunofluorescence only in the nucleus of the same cells. This observation 
suggests that epitope accessibility of plant CDKs may be influenced by subcellular 
localisation. 
The pioneering work of Mews et al. (1997) provides the first piece of data on the 
subcellular localisation of plant cyclins. All four cyclins display unique and dynamic 
patterns of localisation, demonstrating that the functions of the numerous plant cyclins are 
not redundant. Particularly the differences are striking between the two B1 cyclins: 
Whereas CYCB1;1 like CDC2Zm was predominantly nuclear, CYCB1;2 localisation 
closely resembles that of human cyclin B1 in that this cyclin is relocated to the nucleus in 
prophase and degraded in anaphase. Nuclear relocation in prophase has also been observed 
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for CYCA1;1 which is at odds with the nuclear localisation of animal cyclin A. These 
results clearly show that the functions of plant cyclins can not be deduced from sequence 
similarity with their animal counterparts. 
Table 2: Intracellular Localisation of Plant CDKs and Cyclins 
Localisation A-type CDKs B-type CDKs* CYCAljl CYCB1;1 CYCB1;2 CYCB2;1 
Interphase + + 
cytoplasm 
Interphase + - + - + 
nuclei 
Prophase + + + + + + 
nuclei 
Preprophase + + + - + -
band 
Mitotic + + + - + -
spindle 
Condensing - - - - + -
chromosomes • 
Nuclear - - - - -
envelope 
Phragmoplast + + + - + + 
Interphase - - + - - -
cortical 
microtubules 
(+) strong labelling; (~) weak labelling; (-) undetectable labelling 
* Immunolocalisation work presented in this thesis is also included 
For references please refer to the text 
2.2.3 Formation of CDK/cyclin Complexes 
Whereas our knowledge of the expression of CDK and cyclin genes and accumulation of 
proteins in plants are already quite substantial, disappointingly little functional data exists 
regarding the CDK cyclin complexes. First of all, we do not know whether plant CDKs are 
dependent on cyclins. Computer assisted modelling of the three-dimensional structure of 
CDC2aAt (R. Abagyan, unpublished data) and CDC2MsA (Dudits et al., 1998) based on 
co-ordinates of human CDK2 model (De Bondt et al., 1993) suggests that the plant kinase 
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should be as cyclin dependent as the human enzyme. The only supporting experimental 
evidence, however, is circumstantial. On the other hand, Bögre et al., (1997) found that 
protein fractions from alfalfa extracts corresponding to monomeric CDKs are essentially 
devoid of kinase activity, as measured by histone HI phosphorylation; on the other hand, 
alfalfa protein complexes immunoprecipitated with antibodies against the human cyclin A 
or alfalfa CYCB2;2 exhibit appropriate Histone HI kinase activity in cell cycle phase-
dependent manner (Magyar et al, 1993,1997). 
Not a single active CDK/cyclin complex has been reliably identified in plants. The 
results of immunolocalisation of CDC2Zm and mitotic cyclins in maize suggest several 
possible combinations, but these data fall short of proof. Two approaches pursued recently 
are beginning to shed light on the CDK/cyclin complexes of Arabidopsis. In their 
unpublished results of Mironov et al, firstly, they have identified a number of proteins 
capable of interacting with CDC2aAt by using the two hybrid system, including CYCD1;1 
and CYCD 4;1 (De Veylder et al, 1999). Recently, using a similar approach Mészáros et 
al. showed that CDC2MsA kinase is capable of interacting with two new D-type cyclins 
related to Medsa:CycD3;l (2000). Nevertheless it still has to be proven that such complexes 
are actually formed and active in plant cells. Indeed, some of the complexes formed by 
animal CDKs and cyclins, in particular complexes of cyclin D with CDK2 and CDK5, are 
known to be inactive (Ewen et al., 1993; Xiong et al., 1997). Secondly, a procedure has 
been developed in their laboratories to purify active kinase complexes from Arabidopsis 
cells that contain selectively either CDCa2At or CDCb2At, whereby CYCB1;1 and 
CYCB2;2 were found to co-purify preferentially with CDCb2At or CDCa2At, respectively. 
(Stals et al., 2000) Many more complexes will soon be characterised, but given the plethora 
of cyclins in plants, it may take some time to achieve a comprehensive overview of the 
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system. The persistence of "orphan" cyclins in the more thoroughly characterised 
mammalian systems would seem to substantiate this caveat (Pines, 1996a) 
2.2.4. Interaction of CDKs with Other Cell Cvcle Regulators 
Several non-cyclin proteins have been found in complexes with CDKs. In particular, the 
family of evolutionarily conserved CKS proteins (Cyclin-dependent kinase subunit) is 
required for progression through the cell cycle in yeast and vertebrates, although the 
molecular mechanisms by which these proteins act remain elusive. Crystallographic and 
biochemical analyses suggest that CKS proteins act as docking factors for positive and 
negative regulators of CDKs (Pines, 1996b). 
A plant CKS homologue, CKS 1 At, has been isolated through the use of two-hybrid 
system using CDC2aAt as bait (De Veylder et al., 1997). The CKS 1 At gene is functional in 
yeast, and its gene product associates with both A- and B-type Arabidopsis CDKs in vivo 
(in yeast) and in vitro. In situ hybridisation analysis (Jacqmard et al., 1999) further reveals 
that CKS 1 At gene, together with CDC2aAt and CDC2bAt genes, were strongly transcribed 
in actively dividing tissues, suggesting that these proteins may also interact in plants. The 
presence of CKS 1 At expression in a number of polyploid tissues where CDC2aAt and 
CDC2bAt transcripts are present at very low levels or are absent (Jacqmard et al., 1999) 
indicates that CKS 1 At may play role in the endocycle. It is conceivable that CKS 1 At is 
required for the functioning of a yet to be identified CDK of Arabidopsis, presumably one 
that is involved in the process of endoreduplication. 
Much attention has been focused on a group of proteins in yeast and animals known as 
CDK inhibitors (CKIs). These proteins inhibit cell cycle progression through their 
association with CDK complexes (Nakayama and Nakayama, 1998). The first plant gene 
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(ICK1) with limited sequence similarity to mammalian CKIs was isolated by using a two-
hybrid system with the CDC2aAt protein as bait (Wang et al., 1997). Two additional 
putative plant CKIs have since been isolated in a similar way. Remarkably, all these 
proteins show only modest sequence similarity to the human p2iWafl/Cipl and p27Kipl 
inhibitors. This similarity is restricted to a stretch of 30 amino acids located at the C 
terminus, which has been found crucial for the interaction of ICK1 with CDC2aAt and also 
CYCD3;1 (Wang et al., 1998). The remainder of the plant protein sequences has no 
similarity to any other protein in the public databases. Despite that, the results of Wang et 
al., (1998) show that the region adjacent to the conserved C terminus, as in the animal 
counterparts, involved in the interaction with the cyclin (CYCD3;1, in this case). 
Recombinant ICK1 at nanomolar concentrations inhibited 80% of the total CDK activity 
(measured with the histone HI kinase assay) recovered from Arabidopsis extracts by using 
pl3sucl affinity selection (Wang et al., 1997). The failure to inhibit CDK activity 
completely is most probably due to the specificity of ICK for A-type CDKs (L. De Veylder 
and D. Inze, unpublished results) Transcriptional induction of ICK1 gene by abscisic acid 
suggests that ICK1 may mediate the cytostatic effect of abscisic acid in plants (Wang et al., 
1998). 
The in vivo function of the plant CKI-like proteins has still to be determined. Current 
experimental evidence indicating that CKIs may be deployed in plant cell cycle control is 
limited to two circumstantial observations. Grafi and Larkins (1995) have shown that cells 
of maize endosperm undergoing endoreduplication contain an unidentified active inhibitor 
of the histone HI kinase activity of mitotically dividing endosperm cells. B5gre et al., 
(1997) analysed histone HI kinase activity of nuclear and cytoplasmic CDKs purified from 
synchronised alfalfa cells either by immunoprecipitation (A-type CDKs) or by pl3sucl 
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binding. Observed differences in the activity profiles suggest that the presence of a thermo-
labile inhibitor, predominantly cytoplasmic, with higher affinity for nuclear S phase CDKs. 
Although in the absence of some essential controls, this interpretation can not be regarded 
as definitive, the observed phenomenon provides a promising assay for the biochemical 
identification of the presumed inhibitor. 
2.2.5 CDK Phosphorylation 
Considerable progress has been achieved lately in the analysis of the post-translational 
regulation of CDK/cyclin complexes in plants. Zhang et al. (1996) presented the first direct 
evidence for the phosphorylation of CDKs as a control mechanism in plants. Tobacco pith 
parenchyma and Nicotiana plumbaginifolia suspension-cultured cells, arrested in G2 by the 
absence of cytokinin, contain CDK complexes with both reduced kinase activity and high 
phosphotyrosine content. Resumption of the cell cycle upon addition of cytokinin, however, 
results in tyrosine dephosphorylation and kinase reactivation. In vitro treatment of the 
complexes from cytokinin-depleted cells with the yeast cdc25 phosphatase, highly specific 
for the Tyrl5 of CDKs, similarly leads, to their dephosphorylation and activation. 
Moreover, alfalfa kinase complexes bound to pl3sucl-Sepharose could be activated in vitro 
by treatment with recombinant Drosophila Cdc25 phosphatase. (Mészáros et al., 2000). 
These results are implicating that the Tyrl5 residue as the most probable target of the 
inhibitory phosphorylation. 
Given that Tyrl5 is almost universally conserved in plant CDKs, this type of 
phosphorylation-dependent regulation might well prove to be common in plants. Moreover, 
the requirement for cytokinin in N. plumbaginifolia cells can be completely alleviated by 
expression of the cdc25 gene from fission yeast, thus suggesting the triggering of Tyrl5 
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dephosphorylation as the only essential function of cytokinins in the plant cell cycle. The 
cdc25 gene has also been expressed in transgenic tobacco plants and in cultured roots of 
tobacco, and in both cases the cells were found to divide at a reduced size (Bell et al., 1993; 
McKibbin et al, 1998). This observation further supports the importance of Tyrl5 
phosphorylation in the timing of mitosis in plants. Tyr 13 phosphorylation also has been 
recently implicated in water stress responses in wheat (Schuppler et al., 1998). The identity 
of the CDKs subjected to inhibitory phosphorylation in all these cases, however, remains 
unknown. 
The question of the function of TyrlS phosphorylation has been approached from a 
different angle by Hemerly et al. (1995), who produced transgenic Arabidopsis and tobacco 
plants expressing the double T14A/Y15F mutants of CDC2aAt that is thought to be 
constitutively active. These plants, unlike those expressing cdc25, develop normally, except 
for some tendency toward a reduced apical dominance, but unfortunately they have not 
been analysed cytologically. These results suggest either that CDC2aAt is not a substrate of 
the cytokinin-mediated control of Tyr phosphorylation or, more likely, that there are 
additional targets, presumably partially redundant with CDC2aAt. The much sought-after 
enzymes responsible for the phospho-metabolism of T14/Y15 in plant CDKs are still 
awaiting discovery. 
Majority of animal CDKs need to be phosphorylated by the so-called CDK-activating 
kinases (CAKs) for full activation (Harper and Elledge, 1998). Although it is not known 
whether this type of phosphorylation event is necessary to activate plant CDKs, the kinase 
CAKlAt from Arabidopsis, which is only distantly related to the animal CAKs, has been 
demonstrated to possess CAK activity toward human CDK2/cyclinA complexes and to 
complement CAK deficient mutants in both budding and fission yeast (Umeda et al., 1998). 
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Similar to the budding yeast CAK1 kinase, CAKlAt is not cyclin dependent. There is an 
indication that the mechanisms of CDK activation may differ between monocotyledonous 
and dicotyledonous species. Yamaguchi et al. (1998) have found that the rice CDK R2, 
50% identical to the animal CAK kinase CDK7, complements CAK deficiency in budding 
(but not fission) yeast and phosphorylates in vitro the rice CDC20sl and the human CDK2 
with specificity identical to that of the human CAK. This observation is in conflict with a 
previous report that R2 has no CAK activity and instead phosphorylates efficiently the C-
terminal domain of the large subunit of RNA polymerase II (Umeda et al, 1998). 
2.3 Possible Functions of CDK Complexes 
Although considerable amount of data implicates plant cyclins and CDKs take part in 
cell division control, the links between particular proteins and specific events during the 
cell cycle remain elusive. Subcellular localisation of CDKs and cyclins provides some hints 
as their potential functions are concerned. Complexes of A-type CDKs and B1 cyclins of 
the CYCB1;2 subtype, for example, are most probably responsible for PPB disintegration, 
given that they both associate transiently with the PPB immediately beforehand (Hush et 
al, 1996). These same cyclins, but not the A-type CDKs, co-localise with the condensing 
chromosomes and the nuclear envelope before its breakdown and thus may be involved in 
the two processes. 
By contrast, cyclin Al with a succession of various CDK partners, may well control 
microtubule dynamics, as suggested by its association with all appropriate structures 
throughout the cell cycle. On the basis of their spatial (A-type) or temporal (B-type) 
expression patterns, neither A- nor B-type CDKs qualify as potential partners of cyclin Al 
during the early interphase. This conclusion further invokes the presence of additional types 
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of CDKs in the control of the plant cell cycle. Finally, A-type CDKs in complexes with 
cyclins B1 (CYCB1;1 subtype) and B2 are expected to phosphorylate nuclear proteins. 
Growing evidence suggests Retinoblastoma (pRB)-like proteins in plants might be 
among nuclear targets of plant CDKs. The pRB is central to the regulation of G1 to S 
transition in mammals. Phosphorylation of pRB by cyclin D- and cyclin E- dependent 
kinases renders it inactive as a repressor of the S phase and thereby promotes DNA 
replication (Mittnacht, 1998). Significantly, the pRB-binding motif LXCXE (where X 
denotes any amino acid) is found in almost all known plant D cyclins. Moreover, LXCXE-
dependent interactions between D cyclins from Arabidopsis and maize pRB proteins have 
been demonstrated in vitro and in yeast two-hybrid assay (Ach et al., 1997; Huntley et al., 
1998). Maize pRB proteins contain multiple putative CDK phosphorylation sites, and 
ZmRB-1 is efficiently phosphorylated in vitro by mammalian Gl- and S-specific CDKs 
(Huntley et al., 1998). Moreover maize pRB proteins are known to undergo changes in 
phosphorylation during the transition to endoreduplication in the endosperm (Grafi et al., 
1996) however phosphorylation by plant CDKs remains to be demonstrated. 
Further evidence in support of a functional role for pRB proteins in plants comes from 
the experiments showing that the overproduction of a maize pRB-like protein inhibits 
geminivirus replication. This suggests that pRB-like proteins in plants may also act as 
negative regulators of DNA synthesis (Xie et al., 1996). The observation that a pRB protein 
in maize leaves is highly produced in differentiating but not proliferating cells (Huntley et 
al., 1998) suggests that some plant pRB-like proteins may be involved in the suppression of 
cell division during differentiation. 
In mammals, hyperphosphorylated pRB disengages from inhibitory complexes with 
proteins such as E2F and MCM7 that are involved in the activation of S-phase specific 
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transcription (Helin, 1998) and initiation of DNA replication (Leatherwood, 1998). In this 
regard, the PROLIFERA gene which is required for megagametophyte and embryo 
development in Arabidopsis, encodes a protein that is 50% identical to the mammalian 
MCM7 proteins (Springer et al., 1995) It will thus be important to see whether 
PROLIFERA interacts with pRB proteins in plants. Similarly, a putative homologue of 
mammalian E2Fs has recently been identified in wheat (Gutierrez, 1998), and there is an 
indication that, as in the case in animals, an E2F-like protein might also be a substrate for 
S-phase specific CDKs in maize endosperm (Grafi and Larkins, 1995). These observations, 
again circumstantial, imply that the control of the S phase in plants is more similar to that 
occurring in animal cells than in yeast cells. 
3) Protein Phosphatases in Plants 
It is well recognised that reversible phosphorylation of proteins controls many cellular 
processes in plants and in animals. The phosphorylation status of proteins is regulated by 
the opposing activities of protein kinases and protein phosphatases. Phosphorylation of 
eukaryotic proteins occurs predominantly (97%) on serine and threonine residues and to a 
lesser extent on tyrosine residues. Phosphohistidine phosphorylation has also been reported 
in plants, fungi and animals, but its relative contribution to the total phosphoamino acid 
content of eukaryotic cells is not known. In animals protein phosphorylation plays well-
known roles in diverse cellular processes such as glycogen metabolism, cell cycle control 
and signal transduction. Clearly there has been a similar interest in examining the role of 
protein phosphorylation in plant cellular regulation and in identifying the protein kinases 
and phosphatases that modulate the phosphorylation status of target molecules. An 
increasing number of plant protein phosphatases has been reported in recent years. Some of 
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these enzymes play pivotal roles in the control of plant defence mechanisms, signal 
transduction and metabolism. Molecular genetic and biochemical studies have greatly 
advanced our knowledge of phosphatases and provide compelling evidence that these 
enzymes perform essential regulatory functions. 
Plant phosphatase activities have been reported in most plant subcellular compartments, 
including mitochondria, chloroplasts, nuclei and cytosol, and are associated with various 
membranes and particulate fractions (MacKintosh et al., 1991). Some phosphatases are 
poorly characterised and may represent novel enzymes that are unique to plants, such as the 
chloroplast thylakoid protein phosphatase. Others have biochemical properties that are very 
similar to well-known mammalian phosphatases, such as mitochondrial pyruvate 
dehydrogenase phosphatase and cytosolic Ser/Thr phosphatases. Because some plant and 
animal phosphatases are recognised to be evolutionarily conserved, biochemical 
characterisation and molecular cloning of distinct phosphatases in plants that correspond to 
mammalian type 1 (PP1) and type 2 (PP2) Ser/Thr phosphatases have been achieved over a 
short period. Understandably, the plant PP1 and PP2 represent only a subset of the total 
phosphatases that will be subsequently discovered in plants, but their essential roles in 
diverse cellular processes are already becoming evident. Biochemical and genetic studies in 
plants implicate PP1 and/or PP2 activity in signal transduction, hormonal regulation, 
mitosis and control of carbon and nitrogen metabolism. 
Classification of mammalian PP1 and PP2 is based on their unique substrate specificities 
and sensitivities to various inhibitors (Ingebritsen and Cohen, 1983). PP1 dephosphorylates 
beta subunit of mammalian phosphorylase kinase preferentially and is inhibited by the 
endogenous proteins, inhibitor-1 (1-1) and inhibitor-2 (1-2). PP2 family members have 
greater activity toward the alpha subunit of phosphorylase kinase and is resistant to 1-1 and 
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1-2. Type 2 PPases are further divided into three subgroups, PP2A, PP2B and PP2C 
depending on their subunit structure, divalent cation requirements and substrate specificities 
(Cohen, 1989). PP2A is a heterotrimer of a catalytic C subunit and two distinct regulatory 
A- and B- subunits and does not require divalent cations for activity. PP2B, a Ca2+-
activated phosphatase, exists as a heterodimer consisting of a catalytic A-subunit and a 
regulatory B-subunit belonging to the EF-hand family of Ca2+-binding proteins. PP2C is 
found as a monomer and its activity requires Mg2+. Mammalian PP1, PP2A and PP2B are 
related enzymes. They share no structural homology with PP2C. The structure, regulation 
and function of serine/threonine phosphatases in animals, fungi and plants have been the 
subject of many reviews (Cohen, 1989; MacKintosh and MacKintosh, 1994; Shenolikar, 
1994; Smith, et al., 1995; Smith and Walker, 1996; Dombradi, 1997; Vissi et al., 2001). 
Protein phosphatases are inhibited by a number of natural toxins such as okadaic acid 
endothall and cyclosporin A. (Discussed in section 3.3) These compounds have been 
proven extremely useful in analysing the differing actions of specific classes of 
phosphatases in vitro, as well as in vivo. Increasing use of these drugs to study the role of 
reversible protein phosphorylation in diverse cellular processes has generated new insights 
into the regulation and physiological function of ser/thr phosphatases. 
3.1 Protein Phosphatase 1 (PP1) 
PP1 is a ubiquitous and highly conserved enzyme found in all eukaryotes. The native 
mammalian and fungal enzyme is a complex of a catalytic subunit and one or more 
regulatory subunits. Genetic studies have shown yeast PP1 catalytic subunit genes to be 
essential for cellular processes as diverse as glycogen accumulation, mitosis and 
translational control (Stark et al., 1994). Regulatory subunits define specific functions of 
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PP1 catalytic activity in vivo by controlling the subcellular localisation and substrate 
specificity of the enzyme complex. 
Protein phosphatase activities have been reported in a number of plant species and in 
different tissue extracts through the use of mammalian phosphoprotein substrates. In 
Brassica napus seed extracts, over 60% of the phosphatase activity is inhibited by II (ICso= 
0.6 nM), 12 (IC5o= 2.0 nM) and okadaic acid (IC50= 10 nM) and dephosphorylates the beta-
subunit of rabbit phosphorylase kinase, preferentially, indicating that it belongs to the PP1 
class of protein phosphatases (MacKintosh and Cohen, 1989). The PP1 activity is 
associated predominantly with membranes of the endoplasmic reticulum and other 
unidentified particulate fractions in B. napus seed extracts, and gel filtration analyses 
indicate it exists as a high molecular weight complex. PP1 is almost exclusively cytosolic in 
pea leaves and carrot cells and is associated with microsomes in wheat leaves (MacKintosh 
et al., 1991). It has also been reported in isolated nuclei and in plasma membranes (Sheen, 
1993). Very little is known about the structure and regulation of native PP1 in plants, nor 
have any physiological substrates been identified. Studies reveal a striking similarity 
between the biochemical properties and subcellular distribution of animal and plant PP1 
suggest the possibility that mechanisms for controlling PP1 activity and function may be 
equally well conserved. 
3.1.1 Catalytic subunit of PP1 
PP1 catalytic subunit cDNA and genomic clones have been reported in several species. 
Eight distinct isoforms have been identified in Arabidopsis and additional related genes 
appear to be present in its genome (Smith et al., 1995). The presence of PP1 multigenes is 
not unique to Arabidopsis, and they appear to be present in most plant species. After the 
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cloning of first alfalfa PP1 catalytic subunit (Pay et al., 1994), Vissi et al. (1998) reported 4 
more distinct PP1 catalytic subunit isoforms in Medicago sativa. Although the predicted 
amino acid sequences of the five isoforms were rather similar, they were differentially 
expressed in specific plant organs (Vissi et al., 1998). The remarkable similarity (>70%) 
between plant and mammalian PP1 primary sequences and the sensitivity of a bacterially 
expressed recombinant maize ZmPPl (Smith et al., 1991) and alfalfa MsPPlfi (Vissi et al., 
1998) to 12 (ICso= 0.1 nM and 20nM, respectively) and okadaic acid (IC50= 200nM and 
lOOnM, respectively) confirms that the plant genes encode PP1 catalytic subunits. The 
recombinant maize PP1 requires Mn2+ for activation (Smith et al., 1991) and activity of 
alfalfa recombinant PP1 increases 10-fold by ImM MnCl2 (Vissi et al., 1998). Mn2+-
dependent activity is also observed in recombinant rabbit PP1 or when native PP1 is 
converted to a Mn2+-dependent form by incubation with NaF (Alessi et al., 1993). The 
modified enzymes can be restored to their Mn2+-independent forms by incubation with 12 
and GSK-3/ATP-Mg, which supports the hypothesis that 12 acts as a chaperone to activate 
PP1 in vivo and raises the possibility that plant PP1 catalytic subunits may needed to be 
activated by a plant homologue of 12. 
Multiple PP1 isogenes are present in most eukaryotes, with the exception of S. cerevisiae 
which contains a single PP1, GLC7 (Stark et al., 1994) The physiological advantage of 
having multiple PP1 isogenes remains unknown. Disruption of the two S. pombe PP1 genes 
is lethal, but deletion of either gene, singly, has no effect on cell viability, which indicates 
that the yeast PP1 isoforms have overlapping functions. In contrast, loss of one of four PP1 
genes in Drosophila inhibits chromosome separation (Axton et al., 1990) which suggests a 
selective role for this isoform in mitosis. Unique roles for some isogenes may be governed 
by their spatial and temporal expression. For instance, the rat PPlyl is predominantly 
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expressed in brain tissues, whereas PPly2 is almost exclusively expressed in testes (Shima 
et al., 1993). Upregulation of certain PP1 isogenes has been reported in plants, as well. 
BoPPl expression is enhanced at different stages of microspore development in B. 
oleracea, and mature trinucleate microspores contain a unique BoPPl transcript not found 
at other stages of the plant life cycle (Rundle et al., 1992). Arabidopsis AtPPlbg is 
constitutively expressed at low levels in all tissues with upregulation in male and female 
tissues (Arundhati et al., 1995). 
Functional differences between PP1 isoforms may also arise from structural variations in 
their primary sequence that control activity, substrate specificity, and/or regulatory subunit 
interactions. Phosphorylation of S. pombe PP1, dis2+, at a conserved cdc2 protein kinase 
consensus phosphorylation site downregulates its activity in vitro (Cannon et al., 1995). In 
contrast, S. pombe PP1, sds21+, lacks a cdc2 phosphorylation motif and is neither 
phosphorylated nor downregulated by cdc2 protein kinases (Wilkinson et al., 1991). 
Therefore, isoforms that harbour the phosphorylation recognition site may be selectively 
targeted for inactivation by cdc2-like protein kinases. The phosphorylation site is found at a 
conserved position in about half of the known plant PP1 catalytic subunits (Smith et al., 
1995), but whether they are subject to this form of regulation in vivo remains unknown. 
3.1.2 Heterologous Expression of Plant PP1 
One approach that has been taken to address the functional importance of structural 
variations in the primary sequences of the catalytic subunits is to express individual PP1 
isoforms in heterologous systems and ask whether they can fully complement the multiple 
functions of their host PP1. Expressing distinct plant PP1 clones in fungal systems reveals 
that isoforms differ in their ability to complement various PP1 functions. A lethal trait 
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caused by disruption of S. cerevisiae PP1, glcT (Cannon et al., 1995) is rescued by 
Arabidopsis TOPP2 but not TOPPi(Smith et al., 1995). Failure of TOPP1 to complement 
the lethal trait cannot be attributed to improper transcription or translation because TOPP1 
protein is detected in wild-type cells expressing the TOPP1 clone. However, only S. 
cerevisiae strains expressing TOPP2 have increased PP1 activity, which suggests that 
TOPP1 may be downregulated in yeast cells by an unknown post-translational mechanism. 
TOPP2 is unable to suppress an S. cerevisiae glc7-l glycogen deficient phenotype (Stuart 
et al., 1994; Cannon et al., 1995; Smith et al., 1995) which indicates that TOPP2 can 
dephosphorylate substrates that are essential for completion of mitosis but is unable to 
dephosphorylate a substrate (glycogen synthase) of GLC7 required for glycogen 
accumulation is restored in glc7-l strains, however, by expressing a chimeric PP1 
consisting of the N-terminal 1-93 amino acid residues of GLC7 fused to residues 98-312 of 
TOPP2 (Smith et al., 1995). This suggest that unique structural sequences located at the N-
terminus may be important for controlling substrate specificity and/or regulatory subunit 
interactions. 
Functional differences among plant PP1 isoforms have also been reported in S. pombe 
and Aspergillus. A cold-sensitive dis2-ll mutation that blocks exit from mitosis is 
suppressed by TOPP1 but not TOPP2 (Nitschke et al., 1992; Ferreira et al., 1993). 
However, TOPP2 is able to restore a temperature-sensitive S. pombe cdc25,s/weel' double 
mutation (Ferreira et al., 1993) that inhibits entry into mitosis (Booher et al., 1989) 
indicating that failure of TOPP2 to complement the dis2-ll mutation is not due to the 
absence of active protein phosphatase activity but probably results from a failure of TOPP2 
do dephosphorylate substrates of dis2+/sds21+ that are required for entering mitosis. 
Furthermore, expression of Arabidopsis AtPPlbg in a temperature-sensitive Aspergillus 
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bimGl7PP1 mutant supports vegetative growth but not conidia development at 
nonpermissive temperatures (Arundhati et al., 1995). These results demonstrate that plant 
PP1 isoforms have limited ability to functionally complement fungal PP1 enzymes despite 
their remarkable structural and biochemical similarities and suggest that even small 
structural differences in their primary sequences may have profound effects on their activity 
and function. 
3.2 Protein Phosphatase 2A (PP2A) 
PP2A is a multimeric serine/threonine phosphatase that has been highly conserved 
during evolution of eukaryotes: catalytic subunits (C) of PP2A from humans and budding 
yeast, for example, share 86% amino acid sequence similarity. A wealth of data implicate 
PP2A in the regulation of cellular metabolism, DNA replication, transcription, RNA 
splicing, translation, cell cycle progression, morphogenesis, development and 
transformation (Allen, 1992; Alessi et al., 1993) but the mechanisms by which PP2A 
affects such diverse cellular functions are not well understood. In classical models of 
regulation by reversible protein phosphorylation, protein phosphatases reverse the effects of 
protein kinases by dephosphorylating the substrates of these kinases. However, over the 
past ten years, it is been realised that one of the major classes of PP2A substrate is in fact 
the protein kinases themselves. The realisation that PP2A can directly regulate the activities 
of multiple protein kinase cascades begins to answer the question how a single enzyme can 
have such pleitropic effects. In addition, PP2A is a structurally complex protein in which a 
single catalytic subunit can associate with a wide array of regulatory and targeting subunits. 
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3.2.1 The Structure of PP2A 
In the cell, the C subunit of PP2A forms a complex with an array of regulatory subunits 
that modulate its activity, substrate specificity and subcellular localisation. In keeping with 
the most popular tradition of signal transduction research, multiple nomenclature systems 
are currently in use. The C subunit and a 65kDa regulatory subunit called the PR65 or A 
subunit exists as a constitutive complex. The PR65 subunit (whose structure has been 
solved recently) is a scaffold protein, the primary function of which is to recruit further 
regulatory subunits; In fact, the PR65-C core dimer can interact with any one of several, 
variable regulatory subunits. Three gene families that encode such subunits are known, and 
encode proteins referred to as PR55 (also known as the B subunit), PR61 (also known as 
the B' or B56 subunit) and PR72 (also known as B" subunit). Multiple isoforms of each of 
the three types of B subunit exist and additional, as-yet-unidentified B-type subunits might 
exist. To date, the PR61 family, in which five genes produce 11 splice variants seem to be 
the most elaborate. The many known regulatory subunits (including splice variants) 
theoretically could produce >50 different trimeric holoenzymes. Different holoenzyme 
assemblies might dephosphorylate distinct substrates in distinct cellular compartments. 
Indeed, complementation data from yeast have confirmed that the different B subunits 
perform non-redundant functions (Arundhati et al., 1995). This unparalleled complexity is 
almost certainly one explanation for the multifunctional nature of PP2A. 
3.2.2 PP2A in Plants 
PP2A activity was detected in several plant samples (summarized in Smith and Walker, 
1996). Based on the effect of specific inhibitors, the role of PP2A in the regulation of 
metabolic enzymes such as sucrose phosphate synthase (Siegl et al., 1990), nitrate 
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reductase (MacKintosh, 1992) and phosphoenoZpyruvate carboxylase (Carter et al., 1990) 
was determined in plants. The properties of an Arabidopsis thaliana mutant indicate that 
the A subunit is important in auxin transport (Garbers et al., 1996). In addition, the A 
subunit was found to function as a positive regulator of the PP2A holoenzyme, increasing 
activity towards substrates involved in organ elongation and differential cell elongation 
responses such as root curling, root waving and apical hypocotyls hook formation (Derűére 
et al., 1999). The homologs of PP2A subunits were cloned from different plant sources and 
each of them was demonstrated to be the member of relatively small enzyme families. Five 
C subunit sequences from Arabidopsis (Pérez-Callejon et al., 1998), two from Nicotiana 
tabacum (Suh et al., 1998) and three from Medicago sativa (Pirck et al., 1993; Tóth et al., 
2000) were published. In addition, three A subunits (Slabas et al., 1994), two B subunits 
(Rundle et al., 1995; Coram et al., 1996), and four B' subunits (LaTorre et al., 1997; 
Haynes 1999) are known in Arabidopsis. In addition to two new catalytic C subunits, Tóth 
et al., (2000) isolated clones for both the A and B subunits from alfalfa, and demonstrate 
that the components of the PP2A holoenzyme are present in alfalfa in several isoforms and 
that their sequences are highly similar to their plant, yeast and animal counterparts. These 
distinct regulatory subunit genes are constitutively expressed during the cell cycle. 
Interestingly, two A-B subunit pairs had parallel mRNA steady-state levels in different 
plant tissues suggesting that not all of the possible isoform combinations are present in all 
tissues. The expression of the MsPP2A Bfi subunit form was induced by abscisic acid 
indicating a specific function for this protein in the stress response. A partial A subunit 
sequence was also obtained from Pisum sativa (Evans et al., 1994). Most of the known 
plant PP2A subunits exhibit constitutive expression, with the exception of the B'y whose 
accumulation is modified by heat shock (LaTorre et al., 1997). Taking Arabidopsis as the 
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best-known example one can calculate the possible heterotrimeric combinations as 90, a 
rather large number even if only the published complete sequences are considered. 
3.2.3 PP2A as a CDK-Phosphatase 
More than 30 protein kinase activities are known to be modulated by PP2A in vitro and 
several kinases form stable complexes with PP2A. Even if only a subset of these turn out to 
be physiological substrates of PP2A, PP2A must still play a major role in kinase regulation. 
In fact, extensive biochemical, pharmacological and genetic evidence suggest that PP2A 
controls the activities of several major protein-kinase families in the cell -in particular, 
those that belong to the AGC subgroup (which includes kinases such as PK-B, PK-C and 
p70 S6 kinase), calmodulin dependent kinases, ERK MAP kinases, IKB kinases and cyclin-
dependent kinases (CDKs). 
Genetic evidence points to a role for PP2A in the regulation of cell cycle progression, 
especially during mitosis. Strains of budding yeast that carry a mutation in PR55 lack a 
functional spindle-assembly checkpoint (Minshull et al., 1996), and mutations of the 
corresponding gene in Drosophila cause abnormal sister chromatid separation (Mayer-
Jaekel et al., 1993). One explanation for this is undoubtedly the fact that PP2A is required 
for dephosphorylation of substrates and CDK itself. The PP2A trimer that contains PR55 is 
the major proline-directed ser/thr phosphatase activity in extracts from several different 
tissues and cell types (Ferrigno et al., 1993). However, addition of okadaic acid (OA) (to 
inhibit PP2A) to intact mammalian cells synchronised in S phase also leads to activation of 
pre-existing, inactive cyclin B/CDC2 complexes, and concomitant premature chromosome 
condensation and breakdown of the nuclear lamina (Yamashita et al., 1990). Similarly 
addition of OA to extracts of interphase Xenopus laevis oocytes activates cyclin B/CDC2, 
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whereas addition of inhibitor 2 (to inhibit PP1) has no effect (Clarke et al., 1993). Mitotic 
effects of PP2A therefore might be mediated at least in part through negative regulation of 
CDK complexes themselves. PP2A could regulate the activity of CDC2 and related kinases 
by at least three conceivable mechanisms (See Figure 1 below). 
(1) Kinase activity of CDC2 depends on phosphorylation on Thrlól, which lies in the 
activation loop. PP2A (either the purified catalytic subunit or an endogenous PP2A 
holoenzyme from oocyte extracts that is termed INH) can dephosphorylate this site in 
vitro (Lee et al., 1991). However a distinct phosphatase, KAP, can also dephosphorylate 
this site (as well as equivalent site in CDK2). Dephosphorylation of CDC2 (or CDK2) 
by KAP is prevented by the binding of cyclin to this kinase, whereas PP2A recognises 
both monomelic and cyclin-bound CDC2/CDK2 (Poon and Hunter, 1995). In vivo, 
dephosphorylation of Thr 161 of CDC2 seems to be triggered by cyclin B destruction, 
which suggests that KAP is probably the major physiological phosphatase for this site. 
(2) PP2A dephosphorylates and activates the kinase WEE1, which is held in an inactive 
state during interphase by phosphorylation of inhibitory sites (Mueller et al, 1995). 
Given that WEE1 inhibits CDC2, PP2A could inactivate CDC2 indirectly through the 
activation of WEE1. 
(3) PP2A is a negative regulator of CDC25, a dual specificity phosphatase that removes 
inhibitory phosphate groups from CDC2 and thereby activates it. Two observations 
suggest that activation of CDC25 is one mechanism by which PP2A activates CDC2: 
first, OA (but not inhibitor 2) causes activation of CDC25 in Xenopus oocyte extracts 
(Clarke et al., 1993); second, activation of cyclin B/CDC2 by OA in intact mammalian 
cells is reduced by co-treatment with vanadate; this implies that PP2A acts, at least in 
part, through a vanadate sensitive phosphatase (Yamashita et al., 1990). The idea that 
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PP2A acts as a positive regulator of WEE1 and as a negative regulator of CDC25 is 
further supported by data from fission yeast (Kinoshita et al„ 1993). Loss of one of the 
two genes that encode PP2A catalytic subunits cause a semi-Wee type and is lethal 
when combined with mutations in the weel+ gene; in contrast, the same deletion 
partially suppresses the growth defect of cdc25 mutants. 
Figure 1: Possible mechanism for negative regulation of cyclinB-CDC2 by protein 
phosphatase 2A. (Redrawn from Millward et al., 1999) 
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3.3 Inhibitors of Protein Phosphatases 
Eukaryotic protein phosphatases are inhibited by a variety of both natural and synthetic 
compounds, including medicines (immunosuppressants, tumour suppressants anti-
inflammatory agents), potions and poisons (diarrhetic toxins, tumour promoters an insect 
defence chemicals and herbicides). 
There are two functional classes of natural inhibitors. First, there are endogenous protein 
and peptide inhibitors that regulate particular protein phosphatases within eukaryotic cells; 
for example, inhibitors 1 and 2, are specific for protein phosphatase 1 (Cohen, 1994). The 
second group contains secondary metabolites produced by bacteria, fungi, plants, 
dinoflagellates and insects, whose natural roles may be ecological - in signalling, attack and 
defence interactions among organisms. 
These substances can be used as probes, affinity labels, affinity purification ligands for 
protein phosphatases. Their profound cellular effects enhance our appreciation of the 
diversity of physiological processes that are controlled by reversible phosphorylation, 
which include everything from light responses in plants to smooth muscle contraction in 
animals 
3.3.1 Inhibitors of PP1 and PP2A 
From their diverse primary structures, one can never guess that all the compounds in 
Table 3 (see below) are potent, specific inhibitors of PP1 and PP2A phosphatases, all 
apparently binding to several sites on these enzymes. Some are dangerous toxins: the 
okadaic acid family are diarrhetic shellfish poisons (DSPs) and powerful tumour promoters 
(Nishiwaki-Matsushima et al., 1992) and the microcystins are the potent liver toxins and 
tumour promoters from blue-green algae responsible for spectacular "blooms" in eutrophic 
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Table 3: Inhibitors of PP1 and PP2A Phosphatases 
Inhibitor Chemical Nature Potency Comments 
Okadaic Acid 
Acanthifolicin 
Dynophysis 
toxin 
Polyether carboxylic acids PP2A>PP1 
Cell permeable; InM specifically inhibits 
PP2A in dilute assays 
Tautomycin Polyketide PP1>PP2A 
Cell permeable; used in parallel with okadaic 
acid distinguishes role of PP1 and PP2A. 
Microcystins 
Nodularins 
Mutoporin 
Cyclic peptides PP2A-PP1 
Do not enter some mammalian cells. 
Microcystin is an affinity ligand because a 
covalent interaction is formed with PP1 and 
PP2A. Affinity purification ligand 
Calyculin A Phosphoiylated polyketide PP2A-PP1 Cell permeable 
Cantharidin Terpenoid PP2A>PP1 
Cell permeable; requires relatively high 
concentrations to inhibit but is inexpensive. 
Endothall Terpenoid PP2A>PP1 Less potent than cantharidin. Enter plant 
cells easily and used as herbicide. 
Inhibitors 1&2 Heat-stable proteins Inhibit PP1 only 
Not cell permeable but useful in cell extracts 
to identify role of PP1. Inhibitor 1 is 
activated by PKA. 
waters (Carmichael, 1994). The stimulation of genital tissue caused by cantharidin, or 
"Spanish fly" another protein phosphatase inhibitor (Li et al., 1993), explains its use as an 
aphrodisiac. Cantharidin also has a minor medical use as a wart remover as a skin abrasive 
in drug patches. 
Inhibitors of PP1 and PP2A are popular first-choice reagents for finding out whether a 
particular cellular process is regulated by reversible protein (Ser/Thr) phosphorylation. This 
is because PP1 and PP2A dephosphorylate a huge number of targets within eukaryotic 
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cells. The evolutionary conservation of both the structures and the toxin sensitivities of 
these enzymes throughout plants, animals and fungi widens the use of these inhibitors even 
further. In addition, the extreme potency of some of the compounds, the variety of chemical 
structures with similar inhibitory properties (Table 3) and the availability of inactive 
derivatives for use as negative controls all lend confidence to their use. 
Okadaic acid, microcystin, calyculin A and cantharidin have been reported to promote 
tumour formation (Nishiwaki-Matsushima et al., 1992; Carmichael, 1994) suppress cell 
transformation (Sakai et al., 1989) or induce apoptosis (Ishida et al., 1992) depending on 
the length of time they are applied for and the cell type. This implies that PP1 and/or PP2A 
are components of both growth stimulating and growth suppressing pathways in cells. The 
question of which pathway dominates presumably depends on the presence and activation 
state of particular kinases, phosphatases and target proteins within the cell. Several okadaic 
acid stimulated events that might be expected to promote cellular activation and 
transformation have been identified, including activation of mitogen-activated protein 
kinase (MAPK, also known as extracellular-signal-activated kinase, ERK) and MAP/ERK 
kinase (MEK) (Haystead et al., 1994); promotion of entry into mitosis before DNA 
replication is complete (Smythe and Newport, 1992) and mutagenesis of eukaryotic (but not 
prokaryotic) DNA (Aonuma et al., 1991) probably by inhibition of DNA-repair 
mechanisms. 
Endothall is a synthetic herbicide which is chemically related to cantharidin. It has been 
studied in a variety of experimental models as potent and specific inhibitor of PP2A and 
PP1 (Li et al., 1993; Erdodi et al., 1995; Thiery et al., 1999; Boknik et al., 2000). It is 
particularly useful for intact plant cell studies, since it is water soluble and can be taken up 
both by suspension culture cells and by different tissues of intact plants, whereas other 
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phosphatase inhibitors do not appear to penetrate all types of cells (Matsuzawa et al., 1987; 
MacKintosh et al., 1994). 
4) Microtubules and Microfilaments of Dividing Plant Cell 
Plant cell division serves a dual function of increasing cell number and also positioning 
new cross walls during cytokinesis. Once the new wall is formed, cells acquire a final shape 
by differential cell expansion. Several important decisions are thus made during division 
and expansion, including when and how often division should occur, where a new cell wall 
should be located, and in what direction to expand. The outcome of any one of these 
decisions could be critical to the successful development of an organ because new daughter 
cells are joined from inception by cell walls. In reality, however, the position of new walls 
has a variable influence on the shape of an organ or function of a tissue. This is because the 
spatial regulation of cytokinesis, which determines where new walls will be positioned, 
affects development to different degrees (Sylvester et al, 1996). Regardless of the impact 
of division pattern on development, successful cytokinesis is needed to maintain the 
integrity of the plant body. Understanding how and when cytokinesis occurs will help to 
evaluate the effect of different stages of development on its spatial regulation. Cytokinesis 
is accomplished by progressive deposition of membranes and associated wall synthesizing 
compounds into a cell plate, which is first located centrally in the equatorial zone between 
recently formed daughter nuclei (Samuels et al, 1995; Staehelin and Hepler, 1996; Assaad 
et al, 1997; Fowler and Quatrano,1997). The growing cell plate then spreads out radially, 
as an expanding interlacing membranous network, until it joins with the parental walls at 
the periphery. A cytoskeletal structure called phragmoplast not only guides vesicles to the 
equatorial zone but also directs the growing cell plate toward a specific site at or near the 
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membrane of the parental cell wall — the cortical division site. This ill-defined site is first 
evident prior to mitosis when the preprophase band (PPB) appears transiently as a 
continuous band of cytoskeletal elements in the cell cortex. Remarkably, the position of the 
PPB forecasts the future site of attachment between the cell plate and the parental cell 
walls. The integrated behaviour of these cytoskeletal structures thus accomplishes the feat 
of depositing a new wall at a specific position. 
4.1 Organization and function of the phragmoplast cvtoskeleton 
A crucial role for phragmoplast microtubules in cell plate formation was established by 
the demonstration that microtubule (MT) depolymerising drugs abolish cell plate formation 
(Palevitz and Hepler, 1974; Hardham and Gunning, 1980). The phragmoplast cytoskeleton 
bears two oppositely-oriented sets of microtubules overlapping with their plus ends in the 
plane of cell division. The microtubules are in part recruited from the mitotic spindle and in 
part polymerised anew, forming a cylinder which consolidates by shortening in length and 
widening in girth (Valets and Hepler, 1997). Subsequently, the microtubules depolymerise 
in the centre and repolymerise along the edge, transforming the phragmoplast into a barrel-
like structure which marks the growing margin of the cell plate. Several lines of evidence 
suggest that microtubules are involved in the transport of vesicles to the plane of cell 
division (Verma and Gu, 1996). Phragmoplast filamentous actin (F-actin) also plays an 
important role in cytokinesis. Cytochalasins, which inhibit actin polymerisation, do not 
interfere with cell plate formation but causé new cell walls to be misoriented (Wick, 1991). 
This observation suggests that actin participates in cell plate guidance but provides no 
evidence of a role for actin in cell plate formation per se. However, cytochalasin treatment 
generally does not result in loss of all F-actin, so a role for actin in cell plate formation is 
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not excluded by these studies. Indeed, microinjection of profilin, an actin monomer-binding 
protein, into dividing Tradescantia stamen hair cells causes loss of phragmoplast F-actin 
and blocks or delays cell plate formation (Valster et al., 1997). Following profilin injection, 
cell plates are typically initiated but eventually break down. These observations suggest a 
role for actin in consolidation or stabilization of cell plates. 
Evidences for a role of kinases in cell plate formation are also being accumulated in 
different systems. Cdc2-like kinases and mitotic cyclins, which associate to form 
complexes regulating cell-cycle progression (Mironov et aL, 1999), have been localized in 
phragmoplasts as well as in spindles and preprophase bands, these findings suggest a role 
for Cdc2-cyclin in the regulation or function of these structures (Colasanti et al, 1993; 
Mews et al, 1997; Stals et al, 1997). More recent work indicated a role for mitogen-
activated protein (MAP) kinases in cytokinesis. NTF6 (Calderini et al, 1998) and MMK3 
CMedicago MAP kinase 3) (Bögre et al, 1999) are closely related MAP kinases isolated 
from tobacco and alfalfa, respectively. Both are present throughout the cell cycle but are 
activated specifically during M-phase, reaching a peak of activity during cytokinesis. At the 
time of their peak activity, both MAP kinases are present in the cell plate, it can be 
postulated that they regulate, via phosphorylation, the activity of one or more proteins 
involved in cell plate formation (Calderini et al, 1998; Bögre et al, 1999). A MAPK 
kinase kinase (MAPKKK), presumed to act upstream of MAPK in a kinase cascade, has 
also been associated with cytokinesis. Tobacco NPK1 can complement mutations in yeast 
MAPKKK BCK1 (Banno et al, 1993); transcripts of NPK1 and its Arabidopsis homologs 
ANP1-3 accumulate preferentially in tissues containing actively dividing cells (Nishihama 
et al., 1997; Nakashima et al., 1998). Intriguingly, direct interaction between NPK1 and a 
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phragmoplast-localized kinesin-like protein has been described in a preliminary report 
(Machida etal., 1998). 
4.2 Spatial regulation of cytokinesis 
Cell walls constrain both the shape and relative position of cells in plant tissues, and the 
patterns in which they are laid down during development help to define the cellular 
architecture of plant tissues. The spatial regulation of cytokinesis is achieved via the 
guidance of phragmoplasts and associated cell plates to appropriate sites for fusion of the 
new cell wall with the parental wall (Wick, 1991). In most cells of flowering plants, the 
plane of cell division is predicted during G2 and early prophase by a cortical array of MTs 
and actin filaments called a preprophase band (PPB). In plant cells that do not form PPBs, 
other features of premitotic cellular organization can often be seen to predict where a new 
cell wall will form. The PPB formation is one of many strategies utilized within the plant 
kingdom for establishing the plane of cell division prior to mitosis (Pickett-Heaps et al., 
1999). Consistent with a crucial role for PPBs (when present) in orienting new cell walls, 
cell divisions are misoriented in ton/fass mutants of Arabidopsis that fail to form PPBs 
(Torres-Ruiz and Jiirgens, 1994; Traas et al., 1995). In keeping with the well-established 
role of cytoskeletal filaments in transporting molecules and organelles within cells, a 
plausible model for the function of PPBs in division plane establishment is that they direct 
the local deposition of molecules in the plasma membrane and/or cell wall that serve as 
landmarks for the guidance of phragmoplasts during cytokinesis (Mineyuki and Gunning, 
1990; Fowler and Quatrano, 1997). However, candidates for such molecular landmarks 
remain elusive. In addition to its role in cell plate formation discussed earlier, actin appears 
to play an important role in guidance of phragmoplasts/cell plates to established cortical 
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division sites. In many cell types, disruption of actin with cytochalasins causes cell plates to 
be misoriented, apparently by disrupting an interaction between the nucleus or 
phragmoplast and the cell cortex (Wick, 1991). Visualization of the actin cytoskeleton in 
dividing cells has suggested possible roles for both cortical and cytoplasmic actin in 
phragmoplast/cell plate guidance. Disappearance of PPB actin along with MTs at the end of 
prophase leaves an actin depleted zone (ADZ) in the cell cortex, which has been shown in 
many cell types to persist at the division site throughout mitosis and cytokinesis (Cleary et 
al., 1992; Liu and Palevitz, 1992; Cleary, 1995; Baluska et al., 1997). Cortical ADZs may 
help to guide phragmoplasts to the division site, or may be important for maintaining the 
localization of other molecules at the division site. Cytoplasmic actin filaments linking the 
edges of the phragmoplast to the division site (and other sites) in the cell cortex have been 
observed in a variety of plant cell types (Kakimoto and Shibaoka, 1987; Lloyd and Traas, 
1988; Valster and Hepler, 1997). These may also play an important role in aligning the 
phragmoplast and cell plate with the cortical division site. 
The formation of the PPB in BY-2 cells was blocked by inhibitors of protein kinases 
that were applied during late G2, these data suggest that protein phosphorylation is 
involved in the formation of the PPB (Katsuta and Shibaoka, 1992). Identification of 
proteins that are phosphorylated just after the completion of S phase is essential for 
elucidating the mechanisms that regulate PPB formation. An elegant experiment with fem 
protonemata, in which the endoplasm was displaced from the site of the PPB and returned 
to the original site by centrifugation, revealed that endoplasm with a prometaphase-to-
telophase nucleus caused the disappearance of the PPB, while endoplasm with a prophase 
nucleus did not (Murata and Wada, 1992). This cell cycle dependent change in the ability 
of the endoplasm to disrupt the PPB seems to involve changes in the activities of protein 
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kinases in the endoplasm. Staurosporine and K-252a, inhibitors of protein kinases, applied 
to BY-2 cells during late G2 or at prophase inhibit the disappearance of the PPB (Katsuta 
and Shibaoka, 1992). ATP causes the disappearance of the PPB on membrane ghosts 
prepared from BY-2 cells, while staurosporine negates the effect of ATP (Katsuta and 
Shibaoka, 1992). Okadaic acid, a specific inhibitor of protein phosphatases, caused cortical 
microtubules to disappear during G2 and prevented the formation of the PPB in tobacco 
BY-2 cells (Hasezawa and Nagata, 1992). However, in cultured cells of Nicotiana 
plumbaginifolia , a species different from N. tabacum from which BY-2 cells were taken, 
this inhibitor did not prevent the formation of the PPB although it prohibited formation of 
the mitotic spindle (Zhang et al., 1992). In BY-2 cells, okadaic acid also arrested the cell 
cycle at anaphase and between M and G1 (Hasezawa and Nagata ,1992). Detailed analysis 
of the effect of phosphatase inhibition on chromosome formation and cytoskeleton (both 
microtubules and microfilaments) in relation to division-related kinases of alfalfa has been 
covered in this PhD thesis. 
Improved methods for preserving the in situ distribution of microtubules and actin 
microfilaments and use of cytoskeleton-disrupting drugs are making it possible to elucidate 
the roles of microtubules and microfilaments in cytokinesis and current evidence points to 
involvement of the cytoskeleton throughout the stages of preparation for, and execution of, 
cytokinesis in many types of plant cell division. 
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III. AIMS OF STUDIES 
The main aim of our studies was to uncover the role of serine/threonine 
phosphatases and their interaction with division-related kinases during plant cell 
division. The experimental approaches were based on the use of a cell permeable 
inhibitor endothall (ET) to find out the contribution of phosphatases. Medicago 
sativa was chosen as the model system due to availability of specific phosphatase 
and kinase antibodies and experiences gathered in our laboratory during the last 15 
years of research on this model system. 
The objectives of the study included through analysis of these regulatory elements 
by starting from the "organism" level, scaling down to "macromolecular" level 
according to the pyramid of levels of organization of living things (see figure 
below). 
Analysis of the inhibitory potency of the phosphatase blocker endothall on alfalfa 
proteins was aimed at the very beginning of the experiments and it is analysed both 
at in vitro and at in vivo levels. 
45 
Aims of Studies 
Under the light of above-mentioned top-down approach, aims of the studies, in 
details, were as follows: 
-To analyze concentration-dependent effects of ET on root, shoot and leaf 
morphology and development of in vitro explants (at organism/organs/tissue level). 
-To characterize concentration-dependent effects of ET on the growth of 
suspension cultured cells (at the cellular level). 
-To investigate the dynamics of nuclear cycle (chromosome 
condensation/decondensation events, nuclear membrane and nucleolar dynamics) 
during cell division under the effect of phosphatase inhibition (at 
subcellular/organellar level). 
-To study the relationship between phosphatases and the cytoskeletal organization 
(microfilaments and microtubules) during division (at subcellular/organellar 
level). 
-To determine the consequences of phosphatase inhibition on division-related 
genes' expression patterns and on enzyme activities of division-related kinases. 
The analysis of the division-related kinases included determination of their 
immunolocalization patterns, as well (at macromolecular level). 
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in. MATERIALS AND METHODS 
1) Plant material and ET treatment 
Fast growing cell suspension culture of Medicago sativa ssp. varia (genotype 
A2), derived from callus tissue which was originated from root segments, was 
maintained in Murashige-Skoog liquid medium (Murashige and Skoog, 1962) 
supplemented with 0.2 mg/1 kinetin and 1 mg/1 2,4-dichlorophenoxyacetic acid 
(2,4-D) according to Bögre et al. (1988). The culture was diluted 1:5 in fresh 
medium, weekly. For analysing the effect of endothall (ET) on growth, increasing 
concentrations of the inhibitor dissolved in dimethyl sulfoxide (DMSO) were added 
into subculturing medium. During all our experiments with ET, we incubated 
control cultures with the same amount of DMSO (0.1% v/v). Packed cell volumes 
were measured daily by settling 2ml of culture in 2ml glass pipettes of which the 
tips are sealed with vaseline. This method allowed us to determine the growth 
changes very precisely and without resulting a significant change of total culturing » 
volume (200ml). Experiments on alfalfa plants (Medicago sativa ssp. varia 
genotype A2) were done by culturing the explants on NM medium-soaked tissue 
papers in thin glass tubes. Explants were allowed to adapt 1.5 weeks without the 
addition of the inhibitor, then different concentrations of ET (0, 1, 10 50pM) were 
added into medium and explants were cultured for an additional 1.5 weeks. 
Experiments on tobacco explants (Nicotiana tabacum cv. Petit Havana, genotype 
SRI) were done similarly: Plants were propagated as axenic cultures on solid MS 
medium (Murashige and Skoog, 1962) according to Deblaere et al., (1987) and ET 
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was added at different concentrations (0, 10, 100, lOOOpM) just before 
solidification of the gel because of its heat sensitivity. 
2) Synchronization of the culture and endothall treatment 
Firstly, synchronization parameters for alfalfa have been optimised using 
different concentrations of the inhibitor hydroxyurea, changing the duration of the 
treatment, washing and the reculturing conditions. The highest synchronization 
efficiencies were obtained according to the following procedure: Synchronization 
started with 1:4 dilution of a 7-d old suspension culture. After 12h, lOmM 
hydroxyurea (Sigma, MO, USA) was added to the medium. Incubation continued 
for 36 h and then the drug was removed by washing the cells three times with fresh 
medium (3x20 min) before resuspending the culture in the original volume using 
three times diluted conditioned medium obtained from a 5-day-old culture. 
Endothall is then added at the 6th or 8th h of synchronous growth according to how 
quickly majority of the cells passed the S-phase. The cell cycle parameters were 
determined by immediate flow cytometric analysis of the first 3 time points. 
Samples were collected at various time intervals for mitotic index determination, 
flow cytometry, kinase assay and microtubule immunolocalisation. 
3) Flow cytometry 
Because of the fact that "obtaining reliable data with flow cytometry needs 
isolation of intact, non-digested and non-clumped dense nuclei population", 
efficiency of high-quality nuclei isolation from cultured cells of alfalfa has first to 
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be improved under modified parameters of isolation before starting the 
experiments. The list of the analysed and optimised parameters of the isolation 
protocol are listed below: 
- Types of cell wall digesting enzymes and their concentration, 
- Duration and temperature of digestion 
- Cell density in the enzyme mixture 
- Sorbitol concentration of the washing medium 
- Triton-X-100 concentration in nucleus isolation buffer 
The best results with lowest coefficient of variances (CV) were obtained with the 
following conditions: lOOpl (packed cell volume) of cells were digested in 2ml of 
the enzyme mixture [4% cellulase Y-C (Kikkoman, Tokyo, Japan) or cellulase RS 
(Yakult, Tokyo, Japan), 2% pectinase (Serva, Heidelberg, Germany), 1% driselase 
(Sigma, MO, USA) and 1% macerozyme R-10 (Yakult, Tokyo, Japan) -all w/v- in 
a buffer containing 3mM MES, 0.6mM Na2HP04, 6.8mM CaCl2, 0.35M mannitol 
and 0.35M sorbitol with pH set to 5.6]. Partial digestion of the cell walls was done 
on a rotary shaker using 4ml tubes during a period of lh at 25 °C. The enzyme was 
then removed by replacing with fresh culture medium (MS) without addition of any 
osmoprotector like sorbitol. Exclusion of osmoprotection helped the cells to swell, 
(not totally digested cell walls protected the cells from bursting) and increased the 
efficient release of nuclei. Swollen cells were then burst by gently pipetting in 
nucleus isolation buffer (45mM MgCl2, 30mM sodium citrate, 20mM MOPS, pH 
7.0 and 0.1% Triton-X-100 as detergent). Every sample was checked under 
microscope for intactness of nuclei before fixing them with a methanol-stabilized 
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solution of formaldehyde (Sigma, MO, USA) to give a final v/v concentration of 
2% in nucleus isolation buffer. For quick determination of cell-cycle phases, 
samples were immediately filtered írom 25pm metal mesh (to remove the debris 
and intact cells) and stained with lpg/ml ethidium bromide or propidium iodide 
and analysed or alternatively, kept at 4°C until filtering, staining and analysis with 
Becton Dickinson flow activated cell sorter with built-in CellQuest and ModFit 
software. 
4) Labelling of actin filaments 
Since fine actin filaments are sensitive to aldehyde fixation, we have used a 
modified method of K.C. Goodbody and C.W. Lloyd, (1994) which excludes 
chemical fixation. A dense drop of cells was incubated 5min in actin stabilizer 
buffer which was composed of 50mM PIPES pH 6.9,2.5mM MgS04,5mM EGTA, 
0.02% Nonidet P40, 5% DMSO, 300pM MBHE (3-maleimidobenzoic acid N-
hydroxysuccinamide ester) (Sigma). Cells were then resuspended in 0.2pM Alexa-
conjugated Phalloidin (Molecular Probes, OR, USA) and 100ng/ml DAPI (4', 6-
diamidino-2phenylindole HC1) (Sigma) in actin stabilizer buffer. They were 
immediately loaded onto slides and covered with coverslips and were mounted 
with nail varnish to prevent drying. 
5) Immunocvtology and determination of mitotic index 
A dense drop of cells were fixed lh at 23°C in MTSB (50mM PIPES pH 6.9, 
5mM MgS04, 5mM EGTA), washed with the buffer and digested 20 min with 2ml 
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of enzyme mixture (1% w/v Cellulase Onozuka R-10 (Yakult, Tokyo, Japan), 1% 
v/v Pectinase (Sigma) in MTSB. Following washing with MTSB, cells were 
attached to Poly-L-Lysine (Sigma) or Vectabond (Sigma) coated slides and were 
extracted 20 min with 0.5% Triton-X-100. Rat anti-tubulin antibody (YOL1/34, 
Sera Labs, Sussex, UK) or alfalfa kinase antibodies (Magyar et al., 1997) were 
applied as 1/200 dilution in MTSB for 15h at 4°C. FITC-conjugated secondary 
antibodies (Sigma) were used for lh at 23°C with 1/200 dilution after washing of 
the primary antibody. Before last wash of secondary antibody, nuclei were stained 
with DAPI (4', 6-diamidino-2phenylindole HC1) (lOOng/ml) and cells were 
mounted with Citifluor (Ted Pella Inc. CA, USA). Control experiments excluding 
the fluorescent secondary antibody or replacing the primary antibody with non-
immunized serum were performed for all the immunolocalization experiments. For 
mitotic index determination cells were fixed 15h at 4°C with 4% formalin in 0.01M 
phosphate buffered saline (pH 7.2). Nuclear material was stained with DAPI 
(lOOng/ml) and mounted as before. At least 1000 cells were scored for mitosis and 
microtubular-phase counts. 
6) Confocal laser scanning and immunofluorescence microscopy 
Cytological analyses were done using a Zeiss Axiovert 135 M fluorescence 
microscope (equipped with laser scanning and detection facilities). The pinhole of 
the laser-scanning microscope was set to 100 and scanning durations of 4 or 8sec 
with 2 times averaging were used for most of the observations. When fluorescence 
intensities were not very strong or when the appropriate laser wavelength was not 
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available for the dye of interest, CCD (charged coupled device) camera connected 
to the microscope was used to obtain the image of the stained or labelled 
cell/tissue. During image acquisition objectives of different magnification power 
and numerical apertures were used. To reach the maximum possible magnification 
and resolution, majority of the observations has been captured using oil-immersion 
Plan NeoFluar lOOx /1.30 objective. Saved pictures were coloured artificially either 
by using the built-in "glow scale" palette or by combining red, green and blue 
channels (in RGB format). Hard copy prints of the images were obtained with a 
Kodak thermal printer. 
7) Phosphatase assay of PP1 and PP2A using inhibitor proteins and toxins 
Three-day-old cultures were treated for 3h with 0.1% DMSO (control), 0.3, 1, 
3, 10, 30 and lOOpM ET, respectively. Following seven washes with MS medium 
(10 min each), samples were snap frozen in liquid nitrogen and kept at -80°C until 
protein extraction. Proteins were extracted on ice (samples were kept cold 
throughout the whole procedure) by grinding the cells with a glass rod in sampling 
tubes with quartz sand. The homogenisation buffer was: 50mM Tris-HCl pH 7.5, 
ImM EDTA, ImM EGTA, 0.1% P-mercaptoethanol, 5mM benzamidine, 0.2mM 
PMSF, 4|ig/ihl leupeptin. After centrifugation (lOOOOg for lOmin at 4°C) 
supernatants were diluted in Buffer A (50mM Tris-HCl pH7.5, O.lmM EDTA, 
0.1% P-mercaptoethanol) supplemented with 1% (w/v) bovine serum albumin. The 
dilution has been set so that in the assay no more than 20% of 32P is liberated from 
the substrate (In most cases 10-20 fold dilution was sufficient.) lOpl of the diluted 
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sample was mixed with lOpl Buffer A, containing 0.03% Brij35 and with the 
addition of either lOU/pl inhibitor 2 (for PP2A assay) or 3nM okadaic acid (for 
PP1 assay) or without any additive (total phosphatase assay). Following incubation 
of the samples 15 min at 30°C, 10pi of freshly prepared substrate cocktail (3mg/ml 
32P-phosphorylase a, 5mM caffeine in Buffer A) was added for a duration of lOsec 
and the reaction was stopped using 10% w/v trichloroacetic acid (TCA) and the 
precipitate was pelleted by centrifugation and the radioactivity was counted by 
Cserenkov radiation upon dilution of the supernatant in 0.25M NaOH. 
8) Phosphatase assay of PPI and PP2A using immunoprecipitation 
Three-day-old cultures were treated 3h with different concentrations of ET (0, 
1, 10 and 50pM) in aliquots of 2ml in small petri plates. Following seven washes 
with MS medium (10 min each), samples were snap frozen in liquid nitrogen and 
kept at -80°C until protein extraction. Proteins were extracted on ice (samples were 
kept cold throughout the whole procedure) by grinding with a glass rod in sampling 
tubes with quartz sand and the homogenisation buffer (25mM Tris-HCl, pH 7.6, 
15mM MgCl2, 15mM EGTA, 75mM NaCl, ImM DTT, 0.1% Nonidet P40, ImM 
PMSF, lOpg/ml leupeptin, 5pg/ml antipain, 5|Xg/ml pepstatin and O.lmM 
benzamidine.) Protein concentrations were spectrophotometrically determined at 
595nm using 5 times diluted Bradford reagent in extraction buffer. Antibodies of 
anti-PPl (Vissi et al., 1998) and anti-PP2A (Upstate Biotechnology, NY, USA) 
were added separately into two sets of lOOpg protein extracts to give a final 
concentration of 20pg/pl antibody. Samples were incubated lh on ice, and then 
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proteinA-Sepharose bead solution was loaded into each tube with 1:7 dilution after 
washing the beads with the extraction buffer. Samples were further incubated lh at 
cold room (4°C) on a rotary shaker. At the end of incubation, beads were washed 
three times with the RIPA buffer (20mM Tris-HCl pH 7.5, 5mM EDTA, 2mM 
EGTA, lOOmM NaCl, 0.1% Nonidet P40 and 300pM PMSF). After last wash, 
beads were dissolved in 20pl Buffer A, including protease inhibitors (0.2mM 
PMSF, 5mM benzamidine, 4pg/ml leupeptin) and 0.015% Brij35. Following 
incubation of the samples 2min at 30°C, lOpl of freshly prepared substrate cocktail 
was added for a duration of 20sec and precipitation with TCA and counting of 
radioactivity by Cserenkov radiation was done as stated earlier. 
9) Kinase assay of alfalfa division-related CDKs 
Alfalfa cells were harvested at indicated time points and snap-frozen in liquid 
nitrogen and stored at -80°C. Proteins were extracted by grinding samples with 
quartz sand in extraction buffer (25mM Tris-HCl, pH 7.5, 75mM NaCl, 15mM 
EGTA, 15mM p-nitrophenyl phosphate, 60mM B-glycerophosphate, ImM DTT, 
0.1% Nonidet P-40, 0.2 mM Na3V04, 0.5mM NaF, ImM PMSF, 
leupeptin/aprotinin/antipain (lOpg/ml, each), 5pg/ml both pepstatin and 
chymostatin) 100pg of total protein in extraction buffer from each sample was 
incubated with lOOpl of 25% (v/v) pl3sucl-Sepharose beads overnight at 4°C on a 
rotary shaker. After incubation, beads were washed three times with RIPA buffer 
and once with kinase assay buffer (50mM Tris-HCl, pH7.5, 15mM MgCfe, 5mM 
EGTA, ImM DTT). Kinase reaction mixture consists of lmg/ml histone HI in 
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kinase assay buffer and lOfiCi of Y-3 2P-ATP in 30pl of total volume. Kinase 
reaction was started by the addition of 30pl of reaction mixture to the washed 
pl3sucl-Sepharose beads and stopped after 15min at 28°C with the addition of 7.5pl 
5x S D S sample buffer. The samples were analysed by 10% S D S - P A G E and 
autoradiography. 
For immunoprecipitation, equal amounts of protein samples in extraction buffer 
were incubated at 4°C for lh with 5-10/xg/ml anti-C-terminal alfalfa antibodies 
(anti-Cdc2MsA/B, -Cdc2MsF and -Cdc2MsD). Then, 50/il of 50% (v/v) 
suspension of ProteinA-Sepharose beads was added and shaken gently for lh at 
4°C. Thereafter the beads were washed three times with RIPA buffer and once with 
kinase assay buffer. Histone HI kinase reaction was carried out as described above. 
10) RNA preparation and gel blot analysis 
Frozen alfalfa cultured cells were homogenized under liquid nitrogen in a 
small mortar with 0.5 ml of phenol (equilibrated to pH 4.9 with 3M potassium 
acetate). After diluting with 1% SDS, the samples were incubated for 15 min at 
65°C and then centrifuged for 10 min in an Eppendorf centrifuge at 4°C. The 
supernatant was extracted with phenol-chloroform twice and precipitated with one-
quarter volume of 8M LiCl during an overnight incubation at 4°C. The precipitates 
were dissolved in 100pl of diethyl pyrocarbonate-treated water, and a second LiCl 
precipitation was applied to remove residual DNA contamination. Total RNA was 
quantified by optical density at 260nm and the filters were examined under UV 
light to verify the efficiency of transfer and to test the quality and quantity of 
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loaded RNA samples. Hybridization of the filters was performed in Rapid-hyb 
buffer (Amersham) at 65°C. Radiolabeled probes were generated by random-
primed P-labelling from fragments containing the coding, 3'-end gene specific 
region of cdc2MsF and Medsa;Cyc2A genes and from fragments containing the 3'-
nontranslated regions of histone H3-1. 
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IV. RESULTS 
Endothall (ET) as a cell permeable inhibitor of serine/threonine (Ser/Thr) protein 
phosphatases was used in the experiments. Using alfalfa cultured cells as the primary 
model system, different concentrations of the inhibitor were tested both in vitro and in 
vivo from the point of phosphatase inhibition. The effects of inhibitory concentrations of 
ET were analysed macroscopically by observing the growth behaviour of plant cultures 
and microscopically by analysing the subcellular dynamics of chromosomes, 
microtubules and microfilaments. Interrelation between phosphatases and kinases was 
investigated by screening the division-related genes' expressions and kinase activities 
whose immunolocalisation patterns have also been analyzed. 
1) Endothall is a concentration dependent inhibitor of alfalfa protein phosphatases 
1 and 2A 
Overview: Effect of ET on protein phosphatase activity was analysed both in vitro and 
in vivo. The activities of PP1 and PP2A were assayed specifically. We found that 
increasing concentrations of ET resulted in a dose-dependent decrease of alfalfa PP1 
and PP2A activities. 
In mammalian cells, endothall (ET) inhibited both PP1 and PP2A activities (Li et al., 
1993; Erdodi et al., 1995). Based on these data we tested the effects of various 
concentrations of ET on alfalfa PP1 and PP2A. As shown in Figure l(a,b) the total 
phosphatase activity was reduced by ET both in in vitro and in vivo experiments in a 
dose-dependent manner. Separation of the two types of phosphatase activities by using 
specific inhibitors (OA and inhibitor-2) or immunoprecipitation allowed to analyse 
sensitivity of these enzymes against ET. Figure 2(a,b) demonstrates that ET inhibits 
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both phosphatases, although, PP2A is more sensitive to inhibitory concentrations. The 
difference between the two phosphatases in response to ET was more pronounced when 
immunoprecipitated enzymes were analysed (Fig. 2b). Although treatment of cells with 
1/xM ET hardly reduced the activity of PP1, under the same conditions PP2A was 
inhibited by 25-40% as compared to the control cells (Fig. 2a,b). lOpM ET reduced the 
activity of PP2A by 65% and also inhibited PP1 activity by 40-50%. At higher 
concentrations of ET both enzyme activities were significantly inhibited in the treated 
cells. 
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Figure 1: Effect ofETon the activities of alfalfa protein phosphatases 
Total phosphatase activities were determined in the presence of increasing 
concentrations of ET. For in vitro analysis (a), ET was added at indicated 
concentrations onto crude protein extracts of alfalfa A2 suspension cultured cells, 
whereas in vivo analyses (b) were done by treating cultured cells with a range of 
concentrations of the inhibitor. Error bars represent the standard deviations for three 
independent experiments. Zero micromolar ET stands for the control whichcontains the 
solvent DMSO (0.1% v/v) without any addition ofET. 
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Figure 2: Effect ofETon the activities of alfalfa PP1 and PP2A 
Activities of PP1 and PP2A were assayed by 32P-phosphorylase a in the presence of 
okadaic acid and inhibitor-2, respectively (a) and after immunoprecipitation using 
specific antibodies against PP1 and PP2A (b). Error bars represent the standard 
deviations for three (a) or two (b) experiments. 
2) Endothall blocks the growth of in vitro plant cultures 
Overview: Different concentrations of ET were tested on both alfalfa and tobacco 
explants and on alfalfa suspension cultured cells. Plantlets displayed reduced root and 
leaf growth, and the growth of alfalfa suspension cells was blocked in a dose-dependent 
manner. 
To analyse the role of phosphatase inhibition on plant cell growth, we have tested the 
inhibitor on explants and on cultured cells. In addition to alfalfa, tobacco explants were 
also used during these initial experiments, to investigate the effect on a different 
species, as well. As shown in Figure 4a and 4b, (see page 61) explants of both species 
reacted in the same manner to increasing concentrations of phosphatase inhibitor and 
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displayed a marked reduction of root and stem growth as compared to control. Higher 
concentrations of the inhibitor also led to cessation of new leaf growth, but not 
decoloration (chlorophll degradation) or death of the initially implanted foliages which 
may suggest that the inhibition of the growth was not due to cell/tissue death (Fig. 4a,b). 
Treatment of suspension cultures of alfalfa with increasing concentrations of the 
inhibitor resulted in a concentration-dependent blockage of growth as judged by packed 
cell volumes (PCVs) measured daily by settling ~2mL of culture in glass pipettes (Fig. 
3). Cells were treated with 0.1% DMSO (as control),or with 1, 10 and 50pM ET 
immediately after subculturing and the experiment lasted for 4 days. At the end of 4th 
day, the mass of control culture reached almost 30% PCV, that is nearly the double of 
the corresponding figures obtained with treated cultures. 
Figure 3: Endothall inhibits the growth of alfalfa cell cultures 
Suspension cultures of alfalfa, after subculturing, were treated with increasing 
concentrations of endothall as shown. Packed cell volumes were measured daily by 
settling ~2mL aliquot of the culture in glass pipettes. The photograph at right displays 
the packed volumes at the 4th day. 
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Figure 4: Endothall blocks the 
growth o f in vitro explants 
Explants of alfalfa (a) and tobacco 
(b) were treated with increasing 
concentrations of endothall as 
shown. Composite pictures combine 
the plants in culture and their root 
growth. Both species displayed dose-
dependent reduction in leaf and root 
growth upon treatment with 
increasing concentrations of the 
inhibitor. Bars represent lcm. 
I O O j i M Control 
Control lOOjuM 1 OOOjLi M 
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3) Endothall causes abnormal chromosome condensation during early mitosis 
Overview: Effects of low and high concentrations of ET on chromosome condensation were 
analysed. High concentrations (10, 50/tM) led to hypercondensed chromosomes. Low 
concentration (IpM), however, resulted in retardation in mitotic entry and accumulation of 
cells before exit from mitosis while exhibiting normal chromosome formation. 
For the analysis of cytological effects of phosphatase inhibition during cell division, alfalfa 
suspension cells were incubated with lOpM ET and DMSO (control) for 24 h and samples 
were prepared for counting the cells in different phases of mitosis (Fig. 5). The number of 
cells in early and late prophase was significantly increased in the presence of ET. DAPI 
staining of cells treated with ET revealed the accumulation of abnormal mitotic figures with 
dense and bright mass of nuclei without nucleoli (early prophase) (Figure 5, inset) and 
scattered, overcondensed prophase chromosomes (late prophase). Metaphase and later 
mitotic stages could not be detected in these cytological preparations. 
Figure 5: Effect of lOpM ET on mitotic 
progression and chromosome 
condensation in asynchronously growing 
alfalfa cells 
Cells were exposed to lOpM ET for 24 h. 
Early prophase (e-pro), late prophase (l-
pro), metaphase (meta), anaphase (ana), 
telophase (telo) were determined by DAPI 
staining of the fixed cells. Control culture 
was incubated with 0.1% DMSO and 1000 
cells were counted. Inset: hyper-condensed 
early prophase nuclei (arrows). Bar 
represents 15pm. 
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For alfalfa suspension cells, one complete cell cycle takes around 24 to 36 hours 
(judged from the synchronization experiments of Magyar et al., 1997). Thus the observed 
chromosomal abnormalities, may also be a consequence of impaired DNA replication 
during a 24h experiment. Therefore we have also incubated the cells for a shorter duration 
with varying concentrations of the inhibitor. 
Three hours incubation of cells with different concentrations of ET (0, 1, 10 and 
50pM) also resulted in significant chromosomal abnormalities at high doses. Typical 
morphological alterations are presented in Figure 6. Alfalfa cells exposed to 1/tM ET 
exhibited normal chromosome condensation at prophase (Fig. 6e) as compared to control 
culture (Fig. 6a). This low dose of ET did not affect the congregation of chromosomes at 
metaphase plane, either (Figure 6f, and metaphase of control cells at Figure 6b). Anaphase 
and telophase configurations (Fig. 6g,h) were also comparable to the corresponding phases 
of control culture (Fig. 6c,d). These data suggest that chromosome segregation into 
daughter cells was not influenced by this moderate level of inhibition. 
In contrast, treatment with 10/iM ET caused 40% abnormal mitosis (Fig. 6p). The 
very beginning of chromosome condensation appeared normal (Fig. 6i), however later 
phases of prophase came with hypercondensed chromosomes (Fig. 6j) or with scattered 
clump formations (Fig. 6k) indicating defects at chromosome condensation and segregation 
mechanisms. Late phases of mitosis were only rarely scored in these preparations (Fig. 61 
displays a telophase). At 50/xM ET, abnormalities became even more pronounced and 
frequent (Fig. 6m-p). Overcondensation of late prophase chromosomes (Fig. 6m) and 
scattered clump formations (Fig. 6n,o) were very often detected at 50pM concentration of 
the inhibitor. 
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Figure 6: Effect of 1. 10, and 50pM concentrations of ET on chromosome morphology 
lpM FT treatment did not affect the normal spatial and structural appearance of 
chromosomes during any of the mitotic phases (e,fg,h) as compared to corresponding 
phases of control culture (a,b,c,d,). Higher concentrations of ET (10, 50pM) led to 
condensation abnormalities (j,k,m,n,o). The beginning of chromosome condensation 
appeared to be normal in cells exposed to 10 and 50p M concentrations (i), later phases of 
normal mitosis were only observed at JOpM ET concentration (I). Percentage of 
abnormalities were counted and displayed in (p). Bar in (o) represents 15pm. Insets show 
superposition of inverted DAPl images onto bright field pictures. Pictures are selected 
examples from more than 1000 cells analysed. 
64 
Results 
The concentration-dependent effects of ET during G2 and M phases were further 
investigated by synchronisation of alfalfa suspension cultures by hydroxyurea (HU) for 36 
h. According to flow cytometry, 40-45% of the cells released from HU block were in the S-
phase (Fig. 7). When the number of S-phase cells decreased (at 6 h after the removal of 
HU), ljuM or 10/rM ET were added to the cultures to analyse the effects that are 
independent of DNA synthesis (Fig. 7). Monitoring the number of cells in the G2 phase and 
mitosis clearly indicated that ET treatment failed to block the G2 progression and 
significant number of cells entered the mitotic phase. However, the number of cells in 
mitosis was lower in the ET-treated samples than in control samples at the last three time 
points of sampling. 10/rM ET resulted in similar mitotic abnormalities as in Figure 6. 
Figure 7: 1 and lOpM ET allow cells to progress through G2 and reach to early mitosis 
1 and 10[iM ET were added at 6'1' h after removal of hydroxyurea and the distribution of 
cells in various cell cycle phases was determined both by flow cytometry (G2, S, G1) and by 
counting the mitotic index (n=800-1000 cells) after DAPI staining of fixed cells. 
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One micromolar concentration of ET did not disturb the mitotic progression or 
proper chromosome condensation, but it led to a retarded entry into prophase (Fig. 8b) and 
accumulation at telophase stage of mitosis (Figure 8c,d) At 20th hour of growth, in treated 
cells telophases reached 40% of the observed mitotic phases whereas control culture 
exhibited only half of this value (Figure 8d). 
Figure 8: lpM ET leads to 
retardation in mitotic entry and 
accumulation at telophase 
lpM ET were added at 6,h h after 
removal of hydroxyurea (see 
Fig. 7) and frequencies of cells in 
mitosis (a), early prophase (b), 
telophase (c) and telophase 
percentage of mitosis (d) were 
determined after DAPI staining 
of fixed cells (n=800-1000 cells). 
Based on the cytological observations, we conclude that the effects of low (1/tM) 
and high (10, 50/rM) concentrations of ET differ significantly. Treatment of cells with 1/tM 
ET failed to generate visible alteration in chromosome structure but affected the timing of 
mitotic phases, while high concentrations of the inhibitor interfered with both spatial and 
structural chromosome organisation. 
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4) Effect of low concentration of endothall on microfilaments 
Overview: Microfilament dynamics were analysed upon application of lpM ET on 
nonfixed cells of alfalfa suspension cultures. Treatment did not affect normal interphase 
cortical actin skeleton but resulted in abnormal phragmoplast maturation and 
abolishment of cell plate formation with a resultant binucleate cells after karyokinesis. 
Microfilaments, in addition to microtubules play a crucial role in determination of 
division plane and accomplishment of cell division (Lloyd and Traas, 1988; Smith, 
1999). Therefore we have analysed the effect of phosphatase inhibition on both of these 
cytoskeletal elements in search of the role of phosphatases during cell division. In the 
experiments related to the cytoskeleton, low (1/xM) concentration of ET was applied 
that did not significantly alter the chromosome organisation. Samples were collected for 
microfilament labelling after incubating 3-days-old suspension cells either with 0.1% 
DMSO or lpM ET for 6hrs. Since aldehyde fixation of cells may cause lost of fine actin 
filaments (Doris and Steer, 1996; Miller et al., 1996) we have used a modified method 
which excludes chemical fixation (see Materials and Methods). Using the advantage of 
nonfixed-cell-labelling, we could observe even the finest filaments with a very high 
reproducibilty. 
In control culture, interphase cells exhibited a randomly arranged filament structure 
occupying the whole cytoplasm (Fig. 9a). Similar pattern has been observed at treated 
cells. Neither distribution nor thickness of the filaments was affected by ET treatment 
(Fig. 10a, see also FigureslOg and lOh). However, preprophase band-like structures 
were observed only in control cultures (arrowhead in Figure 9b). Early prophase cells of 
both control and treated cultures displayed a ring-like accumulation of filaments around 
the condensing chromosomes (Figs. 9c and 10b). 
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Figure 9: Microfilaments of alfalfa suspension cultures 
Nonfixed cells of alfalfa suspension cultures were incubated with 0.1% DMSO for 6hrs 
and microfilaments were detected using Alexa-conjugated phalloidin. Interphase 
microfilament array (a), preprophase band (arrowhead) at late G2 (b), prophase cage 
(c), metaphase spindle (d), microfilaments at anaphase (e), early phragmoplast ( f ) , late 
phragmoplast (g), reformation of interphase microfilament array after mitosis (h). 
Arrow in (h) marks plane of division. Bar in h represents 15pm. Pictures of actin 
labelling and corresponding DAP1 staining of nuclear material were overlayed and 
artificially colored as green and red, respectively. Pictures are representatives of all the 
cells observed on the prepared slides (n>1000 cells). 
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Figure 10: Effect of IpMET on microfilaments of alfalfa suspension cultures 
Nonfixed cells of alfalfa suspension cultures were treated with lpM ET for 6hrs and 
microfilaments were detected using Alexa-conjugated phalloidin. Interphase 
microfilament array (a), prophase cage (b), metaphase spindle (c), early phragmoplast 
(d), late phragmoplast (e), abnormal phragmoplast at late telophase ( f , interphase 
microfilament array after mitosis (g,h). Bar in h represents 15pm. Pictures of actin 
labelling and corresponding DAPI staining of nuclear material were overlayed and 
artificially colored as green and red, respectively. Pictures are representatives of all the 
cells observed on the prepared slides (n>1000 cells) 
69 
Results 
The appearance of metaphase spindles were comparable for both cultures (Figs. 
9d and 10c). During anaphase and early telophase, developing phragmoplast apparatus 
of treated cultures were indistinguisable, in morphology, from their control counterparts 
(Fig. 9f,g and Fig. 10d,e). On the other hand, during late telophase of treated cultures, 
significant abnormalities were observed from the phragmoplast maturation point of 
view, such as misplaced remnants of phragmoplast within the cytoplasm. (Fig. lOf). 
Consequently, these cells failed to complete cytokinesis and displayed binuclearity (Fig. 
10g,h). Control cultures, however, completed normal cytokinesis with an appearant 
restructuring of cortical array, spreading from the plane of division (arrow at Figure 9h 
points the plane of cytokinesis). Interestingly, cytoplasmic filaments of treated culture 
also successfully repolymerized to form normal interphase array (Fig. 10g,h), 
suggesting an alternative origin of cortical filament restructuring after cell division. 
5) Accelerated microtubule-restructuring in mitotic cells exposed to low dose of 
endothall 
Overview: 1/iM ET was applied at early G2 phase and microtubular dynamics were 
analysed using immunolabelling methods. ET-treatment resulted in abolishment of 
preprophase band formation, increase in the number of nuclei with prophase cage, 
premature polarization of the spindle and abnormal phragmoplast maturation. 
In addition to actin cytoskeleton, the microtubule (MT) organisation of ET-treated cells 
was also monitored. In these experiments low (1/xM) concentration of ET was applied 
that did not significantly alter the chromosome organisation. Samples were collected for 
indirect immunolabelling of MTs, from suspension cultures synchronised with HU. ET 
(1/iM) was added to the culture 8 h after removal of HU block and cells were fixed 
either in late G2 / early mitosis (14 h) or in late mitosis (20 h) (Figs. 11 and 12). 
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Figure 11: Effect ofETon the frequency of cells in various phases of microtubule cycle 
in synchronised alfalfa cell suspension 
ET(lpM) was added at 8hrs after removal of hydroxyurea and microtubule phases 
were analysed by indirect immunofluorescence of samples fixed at 14,h h (a; late 
G2/early mitosis), and 2()'h h (b; late mitosis). Cell cycle parameters of this 
synchronisation experiment are presented in Figure 13a. PPB: preprophase band, 
ProCage: perinuclear prophase cage MTs, ProMeta: prometaphase MTs, Meta: 
metaphase spindle, Ana: anaphase MTs, Phragm: phragmoplast. (n=800-1000 cells) 
In control culture, 10% of cells displayed PPB formation at the 14' h of 
synchronous growth (Fig. 1 la). Cytological analysis of ET-treated cells fixed after 8h of 
HU-free culturing failed to detect MT organisation, which is characteristic of normal 
PPB formation (Fig. 11a and lib). Majority of the PPB-like structures observed in the 
ET-treated cells consisted of remnants of degraded MT fibres loosely aligned in parallel 
arrays (Fig. 12b'). In control culture, incubated with 0.1% DMSO, PPB formation was 
normal as shown in Figure 12b. In control cells, the maturation and disappearance of 
PPB was followed by formation of a perinuclear prophase cage accompanied by the 
beginning of chromosome condensation (Fig. 12c). 
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Figure 12: Effect oflpM ET on microtubules during G2/M transition 
Microtubules of alfalfa cells were analysed by indirect immunofluorescence: Control 
MTs are represented in panels a-j. (a) interphase cortical MTs, (b) preprophase band at 
late G2 phase, (c) accumulation of prophase MTs around condensing chromosomes, (d) 
and (e) invasion of intranuclear area by late prophase /prometaphase MTs to catch fully 
condensed chromosomes, ( f ) metaphase spindle, (g) anaphase MTs, (h) phragmoplast 
formation at early telophase and chromosome decondensation, (i) mature phragmoplast 
and nucleus formation at late telophase, (j) reappearance of cortical MTs and cell plate 
after cytokinesis. MTs observed in the presence of IpM ET (a'-j'). (a') interphase 
cortical MTs, (b') abnormal preprophase MT fibres at late G2 phase, (c') premature 
accumulation of prophase MTs around nucleus with intact nucleolus, (d') prematurely 
polarised late prophase/prometaphase MTs around chromosomes, (e') abnormal, 
multipolar prometaphase MTs, ( f ) multipolar spindle with lagging chromosomes, (g') 
anaphase MTs, (h') phragmoplast maturation at early telophase and chromosome 
decondensation, (i') abnormal phragmoplast formation while nuclei reappear at late 
telophase, (j') absence of cortical MTs and cell plate at the end of mitosis. Bar in j' 
represents 15pm. Pictures ofMT immunolabelling and corresponding DAPI staining of 
nuclear material were overlayed and artificially colored as green and red, respectively. 
Pictures are representatives of all the cells observed on the prepared slides (n>1000 
cells) 
In contrast, ET exposure stimulated the organisation of a prophase cage-like 
structure around the nuclear membrane in the absence of chromosome condensation and 
when intact nucleolus could be recognised (Fig. 12c'). The frequency of nuclei with a 
perinuclear prophase cage was 2.5-fold higher in the ET-treated culture than in control 
samples (Fig. 1 la). Inspection of more than 1000 ET-treated cells indicated that in the 
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presence of 1/xM ET, the PPB formation was abnormal and the MT apparatus was 
prematurely accumulated around the nuclear membrane in the absence of detectable 
chromosome condensation. Under normal conditions, the nuclear membrane dissolution 
was followed by MT invasion of the intranuclear zone to catch kinetochores of 
chromosomes without visible polarity of the spindle apparatus (Fig. 12d, e), whereas in 
ET-treated cells MTs showed premature polarity extending to the cytoplasm (Fig. 12d') 
before nuclear invasion. These abnormalities observed during the prometaphase stage of 
mitosis, in some cells, resulted in the establishment of multipolarity as shown in Fig. 
12e\ Interestingly, even multipolar spindles could finally be rearranged to form a 
normal bipolar metaphase spindle. Figure 12f shows a multipolar spindle with lagging 
chromosomes. Anaphase and early telophase MT formation in ET-treated cells (Fig. 
12g\ h') appeared to be normal as compared to control cells (Fig. 12g, h). On the other 
hand, extreme abnormalities were detected during maturation of phragmoplast at late 
telophase of ET-treated cells (Fig. 12i'). These cells could not form either new cell plate 
or cortical microtubules during exit from mitosis (Fig. 12j'). At late mitosis, 20 h after 
release of HU block, the number of cells with abnormal phragmoplasts was higher in 
ET-treated culture than in control cells exhibiting normal phragmoplasts (Figs, l ib and 
12i). In the latter cells, cortical MTs and the cell plate reappeared after the completion 
of mitosis (Fig. 12j). 
Summarising the results of a series of cytological data, we conclude that low 
concentration of ET can dramatically alter actin and MT cytoskeleton structures in 
alfalfa cells. Co-ordination between MT apparatus and chromosome organisation is 
impaired in ET-treated cells, consequently MTs are prematurely active in the 
establishment of mitotic spindle required for separation of chromosomes. 
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6) Regulation of cell division-related kinase complexes and serine/threonine 
phosphatases 
Overview: The activity of immunoprecipitated kinase complexes and mRNA expression 
pattern of selected division-related genes were screened in ET-treated cells. Results 
revealed the importance of phosphatases on the transcriptional and post-translational 
regulation of division-related kinases. 
Extensive biochemical, pharmacological and genetic evidence suggests that 
Ser/Thr phosphatases control the activities of several major protein kinase families in the 
cells (See review by Millward et al., 1999). Therefore we have analysed the effects of 
phosphatase inhibition on the activities of cell division-related protein kinases which 
universally regulate chromosome condensation and MT reorganization. In alfalfa, at 
least three cdc2-related kinases are active in G2/M cells. We analysed these kinase 
activities of ET treated cells (Fig. 13). Cultured cells of alfalfa were partially 
synchronised with HU. According to the flow cytometry data the frequency of G2 cells 
was 30% at 8 hrs and the mitotic peak was detected at 16 hrs after the release of HU 
block (Fig. 13a). Cells at 8 hrs of synchronous growth were either treated with IpM ET 
or with its solvent 0.1% DMSO. Subsequently, at defined intervals, protein extracts were 
prepared for kinase assays in fractions immunoprecipitated with specific anti-peptide 
antibodies (Magyar et al., 1997). Histone HI phosphorylation by cdc2MsA/B kinases 
were not influenced by ET (Figure 13b). Cdc2MsD kinase preferentially phosphorylates 
topoisomerase. Using this substrate a reduced kinase activity was observed in the ET-
treated cells (Figure 13c). In contrast, cdc2MsF kinase was considerably activated by ET 
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in independent kinase assays (Fig. 13 d,e) as indicated by a time shift in histone HI 
phosphorylation. In ET-treated cells this kinase was highly active 4 hrs earlier than in 
the untreated cells. The early elevation in cdc2MsF kinase function might be related to 
premature MT organisation in cells treated with ET. 
Endothall 
11 13 
9 11 13 
cdc2MsA/B 
11 I3h 
cdc2MsD 
9 11 13h 
cdc2MsF 
cdc2MsF 
10 12 14 16 18 20 10 12 14 16 18 20h 
hours after hydroxyurea wash 
Figure 13: Premature activation 
of cdc2MsF kinase complex by 
lpM ET at G2/M transition in 
synchronised alfalfa cell 
suspension 
Kinase activities were assayed 
with histone HI (cdc2MsA/B and 
F) and topoisomerase (cdc2MsD) 
after precipitation of equal 
amounts of extracted proteins with 
anti-cdc2MsA/B (b), anti-cdcMsD 
(c), and with anti-cdc2MsF (d and 
e) kinase antibodies. Distribution 
of cells in various cell cycle phases 
(a), was determined by flow 
cytometry (G2) and counting the 
mitotic index after DAPI staining 
of fixed cells (solid line in a). 
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Gene expression studies of cdc2MsF raised the possibility that the relation 
between kinases and phosphatases during cell division may also includes regulation at 
the transcriptional level. We treated cultured cells of alfalfa with 100|iM ET and took 
samples during 48h for the analysis of gene expression by Northern analysis. Using this 
very high concentration of the inhibitor we intended to block both PP1 and PP2A 
enzymes immediately, in order to analyse the effect of overall phosphatase inhibition 
during short-term (0.5, lh) and long-term (36, 48h) treatments. Figure 14 shows mRNA 
expression pattern of cdc2MsF kinase, cyclin2A and histone H3C1. Although the culture 
was not synchronized, in control culture an increase in the level of cdc2MsF transcript is 
observed at 12th h of the experiment. This was due probably to partial synchrony 
obtained after subculturing the cells with fresh medium, which drives the 1-week-old 
stationary cells, semisynchronously into logarithmic phase. ET-treated cells, as 
compared to control, displayed almost doubled level of cdc2MsF transcription at this 
time point. This significantly high level of transcription is sustained until 48th h of the 
sampling period. On the contrary, cyclin2A transcription level is considerably suppressed 
under phosphatase inhibition, reflecting the importance of PP1 and PP2A in up- and 
down-regulation of alfalfa cell division-related genes' expressions. Histone H3C1, as 
another gene of cell division did not showed recognizable difference in its transcriptional 
activity between treated and control culture which highlights the specificity of the results 
on the regulation of cdc2MsF and cyclin2A genes upon ET treatment. 
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Control Endothall 
Cyclin2A flfc n 
12 24 36 48h 0.5 12 24 36 48h 
Cdc2MsF 
0.5 1 12 24 36 48h 0.5 1 12 24 36 48h 
Histone 
H3C1 
rRNA 
H 
0.5 1 12 24 36 48h 0.5 1 12 24 36 48h 
Figure 14: Effect of IQOpMET on the gene expression levels of division-related genes 
Alfalfa cells were treated with 0.1% DMSO or lOOpM ET and samples were prepared 
for RNA gel blotting. Cdc2MsF transcript levels were induced, whereas cyclin2A 
expression was supressed upon ET treatment. Histone H3 gene transcript levels were not 
affected by ET treatment. Lowest panel displays ribosomal RNA levels indicating 
loading equality and blotting efficiency. Intensities were scanned and arbitrarily 
quantified as intensity units. Timescale is indicated as hours after treatment for control 
(gray) and for ET (red). 
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7) Tmmunolocalisation of alfalfa cell division-related kinases 
Overview: The immunolocalisation patterns of alfalfa division-related kinases were 
determined by indirect immunolocalisation. Cdc2MsF kinase was localized on 
preprophase band, spindle and phragmoplast. Cdc2MsD displayed cytoplasmic and 
nucleolar signal, whereas cdc2MsA/B was found mainly in nucleoli and partly in 
nucleoplasm and cytoplasm. 
The investigation of the role of phosphorylation/dephosphorylation reactions during 
alfalfa cell division have been supplemented by determining the immunolocalisation 
patterns of alfalfa division-related kinases. 
During the preparation and the course of mitosis, cdc2MsF kinase was detected 
exclusively on division-related cytoskeletal structures like preprophase band (PPB) (Fig. 
15a), perinuclear prophase cage (Fig. 15b), metaphase spindle (Fig. 15c), anaphase 
spindle (Fig. 15d) and phragmoplast (Fig. 15e). The signal at the phragmoplast 
continued until total reconstruction of the cell plate after cytokinesis during early G1 
(Fig. 15f). The epitope was not detectable neither in cytoplasm nor in the nucleus of 
non-dividing interphase cells (arrow at Fig. 15c points to an interphase nucleus). Control 
experiments excluding the fluorescent secondary antibody or replacing the primary 
antibody with non-immunized rabbit serum were performed for all the 
immunolocalisation work presented in this thesis and they confirmed the specificity of 
the antibodies used (data not shown). Immunolocalisation of cdc2MsF clearly indicated 
that the protein is present during late G2 (preprophase), mitosis and early Gl. This 
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finding is in accordance with the Northern and Western blot results of Magyar et al., 
(1997) which indicates strong G2/M specificity of the protein. 
Figure 15: Immunolocalisation of cdc2MsF 
Suspension cultures of alfalfa were fixed and immunolabelled for cdc2MsF. The protein was 
detected on preprophase band at late G2/early prophase (a), on perinuclear prophase cage during 
prophase (b), on spindle during metaphase (c) and anaphase (d), on phragmoplast (e) and cell 
plate { f ) during telophase and early Gl, respectively. Arrow at inset of (c) indicates an interphase 
nucleus/cell next to a cell at metaphase. Insets show DAPI labelling of double stranded nuclear 
material (DNA). Nucleoli (RNA-rich) and cytoplasmic RNA remain unlabelled with DAPI. Bar at 
( f ) represents 15pm. Pictures are representatives of more than 3000 cells (three independent 
experiments) among which -10% were in mitosis. 
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The localisation of cdc2MsD protein was mainly cytoplasmic. It localised strongly on 
cytoplasmic globules that surround the nuclei during interphase (Fig. 16a). Although it was 
nearly excluded from the nucleoplasm, the protein was present on nucleoli, as well, as judged 
by DAPI staining of the nucleus (Fig. 16a,a') (DAPI stains double stranded nucleic acids 
therefore, RNA-rich nucleoli remain unstained). During prophase, following melting of nuclei 
and nucleoli, this faint nucleolar signal disappeared, however the cytoplasmic signal, was still 
present around die prophase chromosomes (Fig. 16b,b'). During metaphase, the strongest signal 
was detected around the spindle apparatus as small globules. The signal on the spindle itself was 
faintly positive as compared to unlabelled chromosomal area (Fig. 16c,c'). Late at telophase, in 
addition to existing globular cytoplasmic signal, the protein appeared on the reforming nucleoli, 
as well (Fig. 16 d,d'). In contrast to cdc2MsF labeling, at this stage of mitosis no localisation 
was detected either on cell plate or on maturing phragmoplast. 
According to Western blotting (Magyar et al., 1997) cdc2A/B proteins are not confined 
to mitosis but exist in fluctuating amounts throughout the cell cycle. Immunolocalisation 
analyses of these kinases (the antibody raised could not differentiate between cdc2MsA and 
cdc2MsB kinases, due to very close sequence similarity) showed that the epitopes are present 
mainly on nucleoli, followed in abundance by nucleoplasm and cytoplasm, respectively (Fig. 
17a,a'). Nucleolar signal was detected even on the tiniest nucleoli as shown by the insets of 
Figure 17 a and a'. Cytoplasmic signal was concentrated on very small granules rather than 
being a diffused, homogenous one (Fig 17 a,b,c,d). Interphase pattern remained the same during 
early prophase (Fig 17 b,b') but became concentrated around the chromosomes during 
metaphase in addition to persistence of granular cytoplasmic signal (Fig 17 c,c'). At telophase 
strong nucleolar signal reappeared while nucleoli restructured, and neither cell plate nor 
phragmoplast labeling was observed at the end of mitosis (Fig 17 d,d'). 
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Figure 16: Immunolocalisation 
of cdclMsD 
Suspension cultures of alfalfa 
were fixed and immunolabelled 
for cdc2MsD. The protein was 
detected on cytoplasmic 
globules surrounding the 
nucleus and as nucleolar patch 
during interphase (a), mainly 
as cytoplasmic globules during 
prophase (b), as surrounding 
the spindle during metaphase 
(c) and as cytoplasmic globules 
and on nucleoli during late 
telophase (d). Corresponding 
DAPI staining pictures were 
presented as (a'), (b'), (c') and 
(d')> respectively Bar at (d') 
represents 15pm. Pictures are 
representatives of more than 
3000 cells (three independent 
experiments) among which 
~10% were in mitosis. 
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Figure 17: Immunolocalisation 
of cdc2MsA/B: 
Suspension cultures of alfalfa 
were fixed with formaldehyde 
and immunolabelled for 
cdc2MsA/B. During interphase, 
these proteins were detected on 
nucleoli, nucleoplasm and 
cytoplasm (a), (and 
corresponding DAPI staining at 
a'). Insets display an amplified 
region of the nucleus (marked by 
a rectangle at a') to indicate two 
tiny nucleoli (arrows at a', inset) 
positively labelled for anti-
cdc2MsA/B antibody (a, inset). 
Labelling during early prophase, 
and metaphase displayed at b 
and c, respectively. Strong 
nucleolar signal reappeared 
during late telophase (d and d'). 
Bar at (d') represents 15pm 
except for the insets for which it 
represents 6pm . Pictures are 
representatives of more than 
3000 cells observed. 
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VI. Discussion 
The majority of the cell cycle regulatory proteins is under the control of positive and 
negative phosphorylation feedback loops controlled by a variety of protein kinases and 
phosphatases. The significance of serine/threonine-specific phosphorylation in 
regulation of cell division is well documented in different experimental systems such as 
yeast and Drosophila mutants (Kinoshita et al., 1990; Snaith et al., 1996) as well as 
treatment of Xenopus or mammalian cells with phosphatase inhibitor OA (Felix et al., 
1990; Yamashita et al., 1990; Tournebize et al., 1997). Summarising the currently 
available evidences, it is likely that both PP1 and PP2A are essential natural inhibitors 
of cell proliferation either by activating growth inhibitors or by inhibiting growth 
stimulators (see reviews by Berndt, 1999; Millward et al., 1999). 
In the studies presented in this thesis, we demonstrated that ET, a potent herbicide and 
a concentration-dependent inhibitor of PP1 and PP2A (Li and Casida, 1992; Honkanen, 
1993), could (a) block the growth of in vitro grown explants and cultured cells, (b) 
significantly disturb the co-ordination between chromosome condensation and division-
related microtubule and microfilament rearrangements, (c) modulate the regulation of 
division-related genes' expressions and division-related kinases' activities in alfalfa 
cells. Similarly to OA, this inhibitor reduces both PP1 and PP2A activities (MacKintosh 
and MacKintosh, 1994; Erdodi et al., 1995). Since ET enters plant cells easily, the 
response to low concentration of inhibitor could be tested. In cultured alfalfa cells, 
addition of IpM ET to the medium caused preferentially PP2A inhibition, while PP1 
activity remained practically unaffected. Both PP1 and PP2A were considerably 
inhibited by higher concentrations (10-100/iM) of ET (Fig. 2a,b). Our enzyme activity 
assays support the differential response of alfalfa PP1 and. PP2A to various 
concentrations of ET in vivo. 
84 
Discussion 
Consequences of inhibitory effect of ET on in vitro grown explants mirrored the 
results obtained from biochemical experiments. Increasing concentrations of ET 
blocked the root and leaf growth of not only alfalfa but also tobacco plants indicating a 
significant interruption of cell division and/or cell expansion machinery (Fig.4). Similar 
conclusions can be drawn from ET-treated cultured cells of alfalfa where a 
concentration-dependent substantial growth inhibition was observed (Fig.3). 
For the analysis of possible causes of these growth inhibitions on cellular basis, 
we carried out cytological analysis of alfalfa cells exposed to low and high 
concentrations of ET. These studies revealed that the organisation of microtubules in 
G2/M cells was affected by lpM ET treatment (Figs. 11 and 12) without visible 
abnormalities in chromosome condensation (Fig. 6). In contrast, induction of 
hypercondensed chromosome condensation and blocking of mitosis were observed at 
higher concentrations of ET. Previously tobacco cells were treated with 12/nM OA 
(Zhang et al., 1992). This relatively high dose of inhibitor caused extreme granular 
condensation of chromosomes and blocking of cell cycle progression at G2 exit. 
Treatment of alfalfa cells with 10 or 50/iM ET resulted in similar chromosome 
condensation abnormalities, however, mitosis was suspended before metaphase (Figs. 
5,6, and 7). Based on these cytological observations we conclude that during G2 phase 
serine/threonine-specific PPases exhibit regulatory effects on molecular components, 
which are required for normal chromosome condensation in prophase. Proper 
functioning of these phosphatases is needed for normal timing of chromosome 
organisation and progression through metaphase. Since alfalfa cells in which lpM ET 
reduced PP2A activity by 25-40%, did not show obvious abnormalities in chromosome 
formation and completed mitosis, we hypothesise that these events are less dependent 
on PP2A activities. In contrast, significant reduction of both PP1 and PP2A functions 
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upon the effects of 10, 50/iM ET has severe consequences, like disturbed chromosome 
morphology and spatial organisation and inhibition of mitotic progression (Fig. 6). In 
HeLa cells only high concentrations of OA (0.5-1/xM) could induce premature mitosis, 
which was related to the inhibition of PP1. OA at a lower concentration than 0.1/xM was 
sufficient to reduce PP2A activity, however failed to induce premature mitosis (Ghosh 
et al., 1996, 1998). In alfalfa cells high doses of ET eliminated the majority of PP2A 
and PP1 activities. Therefore we hypothesise that the normal structural organisation of 
chromosomes is dependent on both phosphatases. Indeed several lines of evidences 
support the role of PP1 and PP2A in maintaining the inactive form of maturation 
(mitosis) promoting factor (MPF) or completion of mitosis (see reviews by Hunter 
1995; Berndt, 1999). 
Treatment of plant cells with high concentrations of OA or ET resulted in a block of 
cell cycle progression. Since in the ET-treated alfalfa cells both PP1 and PP2A activities 
were reduced and the chromosomes could not be positioned into metaphase plate (Fig. 
6), we have to consider both types of phosphatase functions as an essential factor for 
mitotic completion. This suggestion is consistent with the phenotype of fungal PP1 
mutants {BimG in Aspergillus ; dis2+ in S. pombe) that lost their capability of separation 
of daughter nuclei, completion of anaphase or chromosome segregation (Doonan and 
Morris, 1989; Ohkura et al, 1989). PP1 mutation in Drosophila resulted in a complex 
mitotic phenotype with condensed chromosomes, abnormal spindles and chromosome 
separation malfunction (Axton et al., 1990). Alfalfa cells exposed to high concentrations 
of ET shared several of these characteristics that emphasise the significance of PP1 
function. These observations are consistent with the results of inhibitor-2 studies on 
microtubule dynamics (Tournebize et al., 1997) suggesting that PP1 is required for 
microtubule dynamics during mitotic transition. In mammalian G2 cells PP1 enzyme is 
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translocated from the cytoplasm into the nucleus and microinjection of antibodies 
neutralising PP1 function arrested the mitotic cells in metaphase (Fernandez et al., 
1992). 
In addition to PP1, PP2A has distinct, essential role in mitotic progression (Kinoshita 
et al., 1990; Snaith et al., 1996). In Drosophila mutant (aar/twins) the loss of B subunit 
(55 kDa) of PP2A caused abnormal anaphases (Mayer-Jaekel et al., 1993; Uemura et 
al., 1993). The use of low concentration of ET as a phosphatase inhibitor allowed us to 
maintain culture conditions for alfalfa cells that reduce primarily the PP2A function. 
Treatment of cells with 1/iM ET decreased the activity of PP2A to 60-75% of control 
values (Fig. 2). This moderate alteration in PP2A activity caused characteristic changes 
in cytoskeleton organisation (Figs. 9,10 and 12). Summarising the result of studies on 
cytoskeleton, we conclude that reduction in PP2A activity resulted in loss of co-
ordination between chromosome condensation and microtubule organisation, as well as 
serious defects in phragmoplast maturation and cell plate formation. In the ET-treated 
cells, the microtubules organised prematurely into a polarised structure at the beginning 
of chromosome condensation accompanied by abnormal preprophase band (PPB) 
formation. The acceleration of microtubule organisation events is reflected by the 
increased frequency of cells with perinuclear prophase cage and prometaphase 
arrangement (Fig. 11). PPB is a plant specific cytoskeleton structure that has special 
role in defining the position of new cell wall formation and it is formed mainly by MTs 
in addition to microfilaments (Mineyuki, 1999). Our analyses of microfilaments showed 
that not only MTs but microfilaments, too, were affected by ET treatment. Although we 
could score fine PPB-like bands of actin in control cultures (Fig. 9) treated cultures 
were devoid of this structure (Fig. 10). The failure in the proper establishment of this 
structure has serious consequences in later stages of cell division. Abnormalities in 
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phragmoplast organisation can also contribute to the lack of new cell wall development 
and cytokinesis (Figs. 10g,10h and 12j'). Completion of cytokinesis requires dynamic 
microtubules, microfilaments and numerous associated proteins. Our results showed 
that ser/thr phosphatases take part in both MT and microfilament dynamics during 
cytokinesis. All these alterations in the ET-treated cells strongly support a 
multifunctional role for PP2A during mitosis in plant cells. 
The early experiments with OA have already demonstrated that inhibition of 
serine/threonine-specific PPases activated p34cdc2 kinase complexes as revealed by 
histone HI phosphorylation assay (Felix et al., 1990; Yamashita et al., 1990). During 
the first embryogenic cell cycle, in Xenopus egg extracts, the inhibition of PP2A 
activated the cdc2 kinase (Felix et al., 1990). In tobacco cells, OA treatment altered the 
pattern of phosphoproteins, however the activity of cdc2 kinases was not investigated 
(Zhang et al., 1992). In the present work we found specific responses of different alfalfa 
cdc2-related kinases to the treatment of cells with IpM ET (Fig. 13). Following HU 
synchronisation, G2/M cells were exposed to the inhibitor. We reported previously that, 
in alfalfa cells, at least three kinase complexes are active with well-defined timing of 
kinase activity peaks and different in vitro substrate preference (Magyar et al., 1997; 
Dudits et al., 1998; Mészáros et al., 2000). The most abundant cdc2-related kinases are 
the cdc2MsA and B proteins with characteristic PSTAIRE cyclin binding motif. These 
kinases exhibited elevated histone HI phosphorylating activity in G2/M alfalfa cells. 
The other two, G2/M phase-dependent kinases (cdc2MsD and F) represent plant-
specific variants of this kinase family. The corresponding genes were preferentially 
transcribed in G2/M phases and their activity also showed cell cycle phase-dependence. 
The cdc2MsD kinase has relatively high activity during the whole cycle with a peak 
before G2/M transition that is lowered at the start of mitosis. The cdc2MsF kinase is a 
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plant specific mitotic kinase, which is localised in the preprophase band, perinuclear 
prophase cage, mitotic spindle, and phragmoplast (Fig. 15). In the light of complexity of 
G2/M control through the contribution of these different kinases, the present 
observations on specific modification of mitotic kinases in ET-treated alfalfa cells 
uncovers a new dimension in the regulatory system. In cells with reduced PP2A activity 
the cdc2MsD kinase was down-regulated, while the mitotic, cdc2MsF kinase showed an 
early up-regulation. It should also be noted that according to studies on synchronized 
G2-M alfalfa cells, the cdc2MsD activity preceded the cdc2MsF kinase peak and its 
histone HI phosphorylation activity was found to be reduced at the time of elevation of 
cdc2MsF kinase (Mészáros et al., 2000). It seems that the observed coordinated 
alterations were strengthened in the PP2A depleted cells. These observations also offers 
a suggestion that down- regulation of cdc2MsD kinase may contribute to activation of 
the mitotic F kinase. Further studies are needed to outline the functional relations 
between these kinase complexes. Nevertheless these changes in kinase functions may 
be linked to the altered cytoskeleton organisation showing an early accumulation of 
MTs around the nucleus in the absence of chromosome condensation, premature MT-
spindle polarisation (Figs. 12c' and d') and disturbance of both MT and microfilament 
preprophase band structures (Figs. 10b and 12b'). This unbalanced situation can result 
in development of multipolar microtubule structures (Fig. 12e') that might be corrected 
during metaphase and anaphase (Figs. 12f and g'). Our findings support the conclusion 
that PP2A has a specific function during G2 and M progression through controlling 
cdc2 kinase activities in order to ensure the proper cytoskeleton organisation including 
preprophase band formation. Contribution of serine/threonine-specific PPases to the 
control of MPF activity may be mediated by cdc25 (Kumagai and Dunphy, 1992). 
Cdc25 is a dual-specific phosphatase that dephosphorylates the cdc2 inhibitory sites at 
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Thrl4 and Tyrl5 (Dunphy, 1994; King et al., 1994). In interphase Xenopus extracts, OA 
elevated cdc2 activity prematurely and caused a precocious entry into mitosis. The 
premature activation of cdc25 coincided with its hyperphosphorylation leading to the 
active form of cdc2 kinase (Kumagai and Dunphy, 1992). It may be suggested that 
PP2A phosphatase was responsible for the regulation of cdc25. This model has been 
supported by additional experimental data (see review by Millward et al, 1999). In 
plants the functional role of cdc25-type phosphatases was demonstrated by using 
heterologous (yeast, Drosophila) genes or enzymes (McKibbin et al., 1998; Zhang et 
al., 1998; Mészáros etal., 2000). 
Recently, induced expression of a rice pathogenesis-related gene has been 
correlated with the effect of protein phosphatase inhibitors (Agrawal et al., 2000), 
therefore, in addition to post-translational control, transcriptional level of control 
exerted by phosphatases should also be taken into consideration during regulation of 
division-related kinases. Our results of gene expression analysis have shown that, a high 
concentration of ET (100pM) that blocks both PP1 and PP2A, may up- or down-
\ 
regulate cell-division-related genes' mRNA accumulations, as well (Fig. 14). In 
general, the binding of a transcription factor to specific sequence motives can be 
modulated by phosphorylation and the protein/DNA interaction can be equally 
strengthened and weakened by phosphorylation. On the other hand, since in the present 
work we analyzed the mRNA accumulation we have to equally consider other 
regulatory steps (mRNA processing, stability etc.) than the transcription itself. 
Nevertheless, our results demonstrated the importance of phosphatases by having a 
multifunctional regulatory role on plant cell division. 
Analyses of the role of phosphorylation / dephosphorylation reactions during 
plant cell division has been finalised by determining the immunolocalisation patterns of 
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alfalfa division-related kinases. Immunolocalisation of cdc2MsF kinase further 
supported the functional link between phosphatases and kinases on cytoskeleton 
dynamics. This plant-specific kinase localised exclusively on cytoskeleton structures, 
which are essential for division plane determination (PPB), segregation of chromosomes 
(spindle) and cell plate formation (phragmoplast) (Fig. 15). These results strongly 
suggest that cytoskeleton and division abnormalities observed with ET treatment can be 
linked to Cdc2MsF kinase which is prematurely activated by ET treatment and which is 
localized on cytoskeletal structures. Subcellular localizations of cdc2MsD and A/B 
proteins, on the other hand, suggest roles other than cytoskeleton organization during 
division (Figs 16 and 17). Their nuclear and cytoplasmic distinct patterns may be linked 
to division-related processes like dissolution of nuclear membrane and nucleolus, 
chromosome condensation/decondensation events and phosphorylation of cytoplasmic 
proteins which take part in division-related processes. In contrast to animals and yeasts, 
plants incorporate a family of cdk-related proteins. Given their distinct subcellular 
localizations, our immunolocalization data also showed that these kinase complexes 
should have distinct roles and possibly distinct cyclin partners. Necessity of flexibility 
during continuous developmental program of sessile plant organisms may explain the 
advantage of evolution of multiplicity of kinase complexes. Nevertheless untangling 
distinct functions and regulatory pathways of proteins that take part in 
phosphorylation/dephosphorylation reactions will help us to better understand the 
complex biochemical interactions and unique strategies used by these oxygen-evolving 
organisms that eventually have led to evolution of us. 
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Conclusions 
Paul Green, the eminent plant cell biologist, once remarked that there is 
only one question in biology: "How do they do that?" Answering this question in 
any field of biology requires a combined effort that makes use of the advantage of 
different tools and experimental techniques in addition to a systematic experimental 
approach. 
In our case the challenging question was (and still is) that "How do they 
divide?" Within the context of this question, our specific aim was to understand the 
role and importance of phosphorylation/dephosphorylation reactions during plant 
cell division. We have tried to use a range of biochemical and cytological tools and 
experimental methods, as well as a systematic approach (see Aims of Studies) to 
unravel, at least in part, the mystery of plant cell division. The outline of 
conclusions after discussing our results can be summarized as follows: 
1) For proper development of alfalfa roots and leaves and for growing of 
suspension cultured cells normal functioning of serine/threonine phosphatases PP1 
and PP2A is essential. 
2) Chromosome condensation events during early mitosis involve both PP1 
and PP2A functions. 
3) Normal arrangement of microtubules and microfilaments of dividing 
cells requires PP2A activity. 
4) PP1 and PP2A may affect the transcriptional regulation of cell division-
related kinases and cyclins. 
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5) PP2A has a post-translational regulatory role on the activities of 
cdc2MsF and cdc2MsD kinases but not on cdc2MsA/B kinases. 
6) Subcellular immunolocalisation patterns of alfalfa division-related 
kinases differ significantly. This finding suggests that they may have unique roles 
during alfalfa cell division. 
7) Immunolocalisation results of cdc2MsF kinase that localizes on division-
related cytoskeleton structures and whose activity is being regulated by PP2A 
suggest a functional link between regulation of cytoskeleton dynamics and 
cdc2MsF / PP2A activity during cell division. 
Although our conclusions are far from solving the complex puzzle of plant 
cell division, we believe that our results stimulate further experiments to highlight 
the possible role of individual protein phosphatases and kinases and their 
interacting partners in the control of cell division cycle of higher plants. 
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VIII. Összefoglalás 
Bevezetés 
A reverzibilis fehérjefoszforiláció számos biológiai funkció 
szabályozásának az alapvető mechanizmusa mely az átalakító enzimek, protein 
kmázók és foszfatázok (PP-ázok) összehangolt működését feltételezi. 
Az eukarióta sejtekben, biokémiai szempontból négy fő szerin/treonin-
specifikus foszfatáz osztályt (PP1, PP2A, PP2B és PP2C) azonosítottak, (Cohen, 
1989). A PP1 és PP2A katalitikus alegységeit két összefüggő géncsalád kódolja 
(összefoglalásként: Cohen, 1997). A két foszfatázt a nem-fehéije típusú 
gátlószerekkel, mint az okadainsav (OA) és endotál (ET), szembeni érzékenységük 
különbözteti meg (MacKintosh és MacKintosh, 1994). A mitotikus szabályozás 
során a PP-ázok résztvesznek specifikus proteinszubsztrátok foszforilációs 
állapotának megváltoztatásában. Ilyen szubsztrátok például sejtosztódásban 
résztvevő kinázok olyan folyamatokat szabályoznak mint a kromoszóma 
kondenzáció, nukleoláris diszperzió, sejtmaghártya lebomlás és a mitotikus orsó 
kialakulása (Draetta és mts. 1989; Draetta és Beach, 1989; Lohka, 1989; Moreno és 
mts. 1989; Norbury és Nurse, 1989). Számos (nem-növényi) eukarióta sejtben 
kimutatták, hogy a mitózis kezdeti szakaszában a PP2A gátolja a cdc2 kinázt (Félix 
és mts. 1989; Lee, 1995; Picard és mts. 1991, Evans és Stark, 1997). Ismert, hogy 
magasabbrendű növényekben a cdc2 kináznak több homológja is létezik (Dudits és 
mts. 1998; Mironov és mts. 1997). A sejtosztódás során, a lucerna kinázok 
(cdc2MsA/B; MsD; MsF) enzimaktivitás-profilja sajátos, mégpedig, a cdc2MsA/B 
aktivitása a Gl/S és G2/M sejtciklus fázis átmeneteknél magas, míg a cdc2MsF 
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aktivitása a mitotikus sejtekben mutat maximumot. Annak ellenére, hogy a növényi 
sejtciklus kinázok szabályozását sok szempontból tanulmányozták, már a PP-ázok 
szerepe ebben a vonatkozásban még nem ismert. 
A jelen disszertációban összefoglalt vizsgálatok során a proteinfoszfatázok 
herbiciddel (endotál) való gátlásának hatását kívántuk vizsgálni lucerna sejtek 
mitotikus regulációjára. Az endotál (ET) hatékony és specifikus gátlószere a PP2A 
és a PP1 enzimeknek (Li és mts. 1993). Használata növényi sejtekvizsgálatában 
igen előnyös, mivel vízoldékony és, szemben más inhibitorokkal, mind a 
szuszpenzióban nevelt sejtekbe mind a növényi szövetekbe képes bejutni 
(Matsuzawa és mts. 1987; MacKintosh és mts. 1994). Kísérleteink során 
megvizsgáltuk: 
- az ET koncentrációfüggő hatását a növekedési paraméterekre mind 
növény mind sejtkultúra szintjén; 
- az ET koncentrációfüggő hatását a kromoszómakondenzációra; 
- az alacsony ET koncentráció hatását a citoszkeletális elemekre 
(mikrofilamentumok és mikrotubulusok) és a sejtmag mitotikus változásaira a 
G2/M fázisok határán, párhuzamosan nyomon követve a p34cdc2-kapcsolt kinázok 
aktivitását. 
Végül meghatároztuk ezen proteinkinázok immunolokalizációs képét és a 
kapott eredmények birtokában tárgyaljuk a foszfatázok és kinázok közötti 
összefüggést a sejtosztódás során. 
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Eredmények 
1) Az endotál koncentráció függő inhibitora a lucerna proteinfoszfatázoknak 
Az ET hatását a Ser/Thr specifikus foszfatázok aktivitására in vitro és in 
vivo körülmények között vizsgáltuk. Nyomon követtük a PP1 és PP2A specifikus 
aktivitását. Az ET dózis-függő módon csökkentette a lucerna PP1 és PP2A 
enzimek aktivitását. 
2) Az endotál gátolja a növekedést in vitro növényi kultúrákban 
Különböző koncentrációjú ET hatasát teszteltünk lucerna és dohány 
növényeken és szuszpenziós sejtkultúrákon. A növények esetében a gyökér és a 
levél növekedés gátlását tapasztaltuk. Sejtkultúrák estében a sejtosztódás dózis 
függő gátlása volt tapasztalható. 
3) Az ET-kezelés abnormális kromoszómakondenzációt okoz a mitózis 
kezdeti szakaszában. 
Az ET kromoszómakondenzációra kifejtett hatását vizsgáltuk magas és 
alacsony ET koncentrációk mellett. Magas (10 illetve 50pM) koncentráció 
kromoszóma hiperkondenzációhoz vezetett. Alacsony (lpM) koncentráció ugyan 
nem befolyásolta a kromoszómakondenzációt, de késleltette a mitózisba lépést és 
gátolta sejtek mitózisból való kilépését. 
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4) A mikrofilamentumok szabályozása 
A mikrofilamentumok dinamikáját lpM ET jelenlétében, nem fixált lucerna 
szuszpenziós sejtkultúrákon vizsgáltuk. A kezelés nem befolyásolta a kortikális 
aktin vázat de abnormális fiagmoplaszt kialakulást idézett elő, megakadályozta az 
új sejtfal kialakulását és binukleáris sejteket eredményezett a sejtmagosztódást 
követően. 
5) Alacsony dózisban az endotál felgyorsítja a mikrotubulusok 
átszerveződését mitotikus sejtekben 
lpM ET-val kezeltük a sejteket korai G2 fázisban és immunofluoreszcens 
jelöléssel vizsgáltuk a mikrotubulusok dinamikáját. A kezelés eredményeként azt 
tapasztaltuk, hogy a preprofázis gyűrű (PPB) kialakulása elmaradt, megnövekedett 
azon sejtek száma, melyekben profázisban a sejtmagok körüli mikrotubulusos 
hálózat jelen volt valamint azóké melyekben a sejtorsó korai polarizálódása és az 
abnormális fiagmoplaszt volt megfigyelhető. 
6) A sejtosztódásban szerepet játszó proteinkináz komplexek szerin/treonin 
foszfatázok általi regulációja 
Az immunoprecipitált proteinkináz komplexek aktivitását és néhány 
kiválasztott osztódásban szerepet játszó gén mRNS-szintű expresszióját vizsgáltuk 
ET-kezelt sejtekben. Az eredmények igazolták azt, hogy a proteinfoszfatázok 
fontos szerepet játszanak a sejtciklusfüggő proteinkinázok transzkripciós és 
poszttranszkripciós szabályozásában. 
97 
7) Lucerna sejtciklusfüggő proteinkinázok immunolokalizációja 
A sejtosztódással kapcsolatban lévő proteinkinázok lokalizációját indirekt 
immunolokalizációs módszerrel határoztuk meg. Azt találtuk, hogy a cdc2MsF 
kináz a preprofázis sávban, a sejtorsóban és fragmoplasztban lokalizált. A 
cdc2MsD a citoplazmában és a sejtmagban volt jelen, míg a cdc2MsA/B főleg a 
nucleoluszokban, részben a sejtmaghártyán és a citoplazmában volt fellelhető. 
Következtetések 
1) Az l-es (PP1) és 2A (PP2A) típusú szerin/treonin-foszfatázok zavartalan 
működése elengedhetetlen a lucerna gyökér és levél megfelelő fejlődéséhez 
valamint a sejtosztódáshoz szuszpenzió kultúrákban. 
2) A kromoszóma kondenzációban, a korai mitózis során, szerepe van mind 
a PP1 mind a PP2A típusú foszfatázoknak. 
3) Az osztódó sejtekben a mikrotubulusok és mikrofilamentumok megfelelő 
működéséhez szükséges a PP2A aktivitás. 
4) A PP1 és PP2A hatással lehetnek sejtciklus proteinkinázok és ciklinek 
transzkripciós regulációjára. 
5) A PP2A foszfatázoknak poszttranszkripciós szabályozó szerepe van a 
cdc2MsF és cdc2MsD kinázok esetében, de nincs a cdc2MsA/B kinázok esetén. 
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6) A különböző lucerna sejtciklus kinázoknak a sejten belüli lokalizációja is 
jelentősen különbözik. Ez arra utal, hogy mindegyiknek sajátos szerepe lehet a 
sejtosztódás során. 
7) Mivel a cdc2MsF kináz lokalizációja az osztódásban résztvevő 
citoszkeleton struktúrákon figyelhető meg és aktivitása szabályozott a PP2A 
aktivitása által, feltételezhető, hogy funkcionális kapcsolat van a citoszkeleton 
dinamikája és a cdc2MsF/PP2A aktivitások között a növényi sejtosztódás során. 
99 
References 
IX. References 
Ach, R.A., Durfee, T., Miller, A.B., Taranto, P., Hanley-Bowdoin, L., Zambryski, P.C., 
Gruissem, W. (1997) RRB1 and RRB2 encode maize retinoblastoma-related proteins that 
interact with a plant D-type cyclin and geminivirus replication protein. Mol Cell Biol. 17, 
5077-5086. 
Aerne, B.L., Johnson, A.L., Toyn, J.H., Johnston, L.H. (1998) Swi5 controls a novel wave of 
cyclin synthesis in late mitosis. Mol Biol Cell, 9,945-956. 
Agrawal, G.K., Jwa, N.S., Rakwal R. (2000) A novel rice (Oryza sativa L.) acidic PR1 gene 
highly responsive to cut, phytohormones, and protein phosphatase inhibitors. Biochem 
Biophys Res Commun. 274,157-165. 
Alessi, D.R., Street, A.J., Cohen, P., Cohen, P.T. (1993) Inhibitor-2 functions like a chaperone 
to fold three expressed isoforms of mammalian protein phosphatase-1 into a conformation 
with the specificity and regulatory properties of the native enzyme. Eur J Biochem. 213,1055-
1066. 
Allen, J.F. (1992) Protein phosphorylation in regulation of photosynthesis. Biochim Biophys 
Acta, 1098, 275-335. 
Aonuma, S., Ushijima, T., Nakayasu, M., Shima, H., Sugimura, T., Nagao, M. (1991) 
Mutation induction by okadaic acid, a protein phosphatase inhibitor, in CHL cells, but not in 
S. typhimurium. Mutat Res. 250, 375-381. 
Arundhati, A., Feiler, H., Traas, J., Zhang, H., Lunness, P.A., Doonan, J.H. (1995) A novel 
Arabidopsis type 1 protein phosphatase is highly expressed in male and female tissues and 
functionally complements a conditional cell cycle mutant of Aspergillus. Plant J. 7, 823-834. 
Assaad, F., Mayer, U., Lukowitz, W., Juergens, G. (1997) Cytokinesis in somatic plant cells. 
Plant Physiol Biochem. 35,177-184. 
Axton, J.M., Dombradi, V., Cohen, P.T., Glover, D.M. (1990) One of the protein phosphatase 
1 isoenzymes in Drosophila is essential for mitosis. Cell, 63, 33-46. 
Ayaydin, F., Vissi, E., Meszaros, T., Miskolczi, P., Kovacs, I., Feher, A., Dombradi, V., 
Erdodi, F., Gergely, P., Dudits, D. (2000) Inhibition of serine/threonine-specific protein 
phosphatases causes premature activation of cdc2MsF kinase at G2/M transition and early 
mitotic microtubule organisation in alfalfa. Plant J. 23, 85-96. 
Baluska, F., Vitha, S., Barlow, P.W., Volkmann, D. (1997): Rearrangements of F-actin arrays 
in growing cells in intact maize root apex tissues: a major developmental switch occurs in the 
postmitotic transition region. Eur J Cell Biol. 72,113-121. 
100 
References 
Banno, H., Hirano, K., Nakamura, T., Irie, K., Nomoto, S., Matsumoto, K., Machida, Y. 
(1993) NPK1, a tobacco gene that encodes a protein with a domain homologous to yeast 
BCK1, STE11, and Byr2 protein kinases. Mol Cell Biol 13,4745-4752. 
Baskin, T.I. and Wilson, J.E. (1997) Inhibitors of protein kinases and phosphatases alter root 
morphology and disorganize cortical microtubules. Plant Physiol. 113,493-502. 
Bell, M.H., Halford, N.G., Ormrod, J.C., Francis, D. (1993) Tobacco plants transformed with 
cdc25, a mitotic inducer gene from fission yeast. Plant Mol Biol. 23,445-451. 
Berndt, N. (1999) Protein dephosphorylation and the intracellular control of the cell number. 
Front Biosci. 4, 22-42. 
Black, S., Andrews, P.D., Sneddon, A.A., Stark, MJ. (1995) A regulated MET3-GLC7 gene 
fusion provides evidence of mitotic role for Saccharomyces cerevisiae protein phosphatase 1. 
Yeast, 11,747-759. 
Boknik, P., Vahlensieck, U., Huke, S., Knapp, J., Linck, B., Luss, H., Muller, F.U., Neumann, 
J., Schmitz, W. (2000) On the cardiac contractile, electrophysiological and biochemical effects 
of endothall, a protein phosphatase inhibitor. Pharmacology, 61,43-50. 
Booher, R. and Beach, D. (1989) Involvement of a type 1 protein phosphatase encoded by 
bwsl+ in fission yeast mitotic control. Cell, 57,1009-1016. 
Bögre, L., Oláh, Z., Dudits, D. (1988) Ca+2-dependent protein kinase from alfalfa (Medicago 
varia)-, partial purification and autophosphorylation. Plant Sci. 58,135-144. 
Bögre, L., Zwerger, K., Meskiene, I., Binarova, P., Csizmadia, V., Planck, C., Wagner, E., 
Hirt, H., Heberle-Bors, E. (1997) The cdc2Ms kinase is differently regulated in the cytoplasm 
and in the nucleus. Plant Physiol. 113, 841-852. 
Bögre, L., Calderini, O., Binarova, P., Mattauch, M., Till, S., Kiegerl, S., Jonak, C., 
Pollaschek, C„ Barker, P., Huskisson, N.S. (1999) A MAP kinase is activated late in plant 
mitosis and becomes localized to the plane of cell division. Plant Cell, 11,101-113. 
Broek, D., Bartlett, R., Crawford, K. Nurse, P. (1991) Involvement of p34cdc2 in establishing 
the dependency of S-phase on mitosis. Nature, 349, 388-393. 
Calderini, O., Bögre, L., Vicente, O., Binarova, P., Heberle-Bors, E., Wilson, C. (1998) A 
cell cycle regulated MAP kinase with a possible role in cytokinesis in tobacco cells. J Cell Sci. 
I l l , 3091-3100. 
Cannon, J.F., Klemens, K., Morcos, P., Nair, B., Pearson, J., Khalil, M. (1995) Type 1 protein 
phosphatase systems in yeast Adv. Protein Phosphatases, 9, 215-236. 
Carmichael, W.W. (1994) The toxins of cyanobacteria. Sci Am. 270,78-86. 
Carter, PJ, Nimmo, H.G., Fewson C.A., Wilkins,M. (1990) Bryophyllum fedtschenkoi 
protein phosphatase type 2A can dephosphorylate phosphoeno/pyruvate carboxylase. FEBS 
Lett. 263,233-236. 
101 
References 
Clarke, P.R., Hoffmann, I., Draetta, G., Karsenti, E. (1993) Dephosphorylation of cdc25-C by 
a type-2A protein phosphatase: specific regulation during the cell cycle in Xenopus egg 
extracts. Mol Biol Cell. 4, 397-411. 
Cleary, A.L., Gunning, B.E.S., Wasteneys, G.O., Hepler, P.K. (1992) Microtubule and F-
actin dynamics at the division site in living Tradescantia stamen hair cells. J Cell Sci. 103, 
977-988. 
Cleary, A.L. (1995): F-actin redistributions at the division site in living Tradescantia stomatal 
complexes as revealed by microinjection of rhodamine-phalloidin. Protoplasma, 185, 152-
165. 
Cohen, P.T.W. (1989) The structure and regulation of protein phosphatases. Annu Rev 
Biochem. 58,453-508. 
Cohen, P.T.W. (1994) The discovery of protein phosphatases: from chaos and confusion to an 
understanding of their role in cell regulation and human disease. Bioessays, 16,583-588. 
Cohen, P.T.W. (1997) Novel protein serine/threonine phosphatases: variety is the spice of life. 
Trends Biochem Sci. 22,245-251. 
Colasanti, J., Tyers, M., Sundaresan, V. (1991) Isolation and characterization of cDNA clones 
encoding a functional p34cdc2 homologue from Zea mays. Proc Natl Acad Sci USA. 88, 
3377-3381. 
Colasanti, J., Cho, S-O., Wick, S., Sundaresan, V. (1993) Localization of the functional 
p34cdc2 homolog of maize in root tip and stomatal complex cells: association with predicted 
division sites. Plant Cell, 5,1101-1111. 
Coram, J.W., .Hartung, A.J., Stamey, R.T., Rundle, S.J. (1996) Characterization of DNA 
sequences encoding a novel isoform of the 55 kDa B regulatory subunit of the type 2A protein 
serine/threonine phosphatase of Arabidopsis thaliana. Plant Mol Biol. 31,419-427. 
Dahl, M., Meskiene, I., Bögre, L., Ha, D.T., Swoboda, I., Hubmann, R., Hirt, H., Heberle-
Bors, E. (1995) The D-type alfalfa cyclin gene cycMs4 complements G1 cyclin-deficient yeast 
and is induced in the G1 phase of the cell cycle. Plant Cell, 7,1847-1857. 
Deblaere, R., Reynaerts, A., Hofte, H., Harnalsteens, J.P., Leemans, J., Van Montagu M. 
(1987) Vectors for cloning in plant cells. Methods in Enzymology, 153, 277-292. 
De Bondt, H.L., Rosenblatt, J., Jancarik, J., Jones, H.D., Morgan, D.O., Kim, S.H. (1993) 
Crystal structure of cyclin-dependent kinase 2. Nature, 363, 595-602. 
Derűére, J., Jackson, K., Garbers, C., Soil, D., Delong, A. (1999) The RCNl-encoded A 
subunit of protein phosphatase 2A increases phosphatase activity in vivo. Plant J. 20,389-399. 
De Veylder, L., Segers, G., Glab, N., Casteels, P., Van Montagu, M., Inze, D. (1997) The 
Arabidopsis CkslAt protein binds the cyclin-dependent kinases Cdc2aAt and Cdc2bAt. FEBS 
Lett. 412,446-452. 
102 
References 
De Veylder, L., de Almeida Engler, J., Burssens, S., Manevski, A., Lescure, B., Van 
Montagu, M., Engler, G., Inze, D. (1999) A new D-type cyclin of Arabidopsis thaliana 
expressed during lateral root primordia formation. Planta, 208,453-462. 
Doerner, P., Jorgensen, J.E., You, R., Steppuhn, J., Lamb, C. (1996) Control of root growth 
and development by cyclin expression. Nature, 380, 520-523. 
Dombrádi, V. (1997) Comparative analysis of Ser/Thr protein phosphatases. Trends Comp 
Biochem Physiol 3,23-48. 
Doonan, J.H. and Morris, N.R. (1989) The bimG gene of Aspergillus nidulans, required for 
completion of anaphase, encodes a homolog of mammalian phosphoprotein phosphatase 1. 
Cell, 57,987-996. 
Doonan, J. and Fobert, P. (1997) Conserved and novel regulators of the plant cell cycle. Curr 
Opin Cell Biol. 9, 824-830. 
Doris, F.P. and Steer, M.V. (1996) Effects of fixatives and permeabilisation buffers on pollen 
tubes: implications for localisation of actin microfilaments using phalloidin staining. 
Protoplasma, 195, 25-36. 
Draetta, G., Luca, F., Westendorf, J., Brizuela, L., Ruderman, J., Beach, D. (1989) Cdc2 
protein kinase is complexed with both cyclin A and B: evidence for proteolytic inactivation of 
MPF. Cell, 56, 829-838. 
Draetta, G. and Beach, D. (1989) The mammalian cdc2 protein kinase: mechanisms of 
regulation during the cell cycle. J Cell Sci Suppl. 12,21-27. 
Dudits, D., Magyar, Z. Deák, M. Mészáros, T., Miskolczi, P. Fehér, A., Brown, S., 
Kondorosi, E., Athanasiadis, A., Pongor, S., Bakó, L., Koncz, Cs. and Györgyey, J. (1998) 
Cyclin-dependent and calcium-dependent kinase families: response of cell division cycle to 
hormone and stress signals. In Plant Cell Division: Molecular and Developmental Control. 
(D. Francis, D. Dudits and D. Inze, eds.), London: Portland Press, pp.21-46. 
Dunphy, W.G. (1994) The decision to enter mitosis. Trends Cell Biol. 4, 202-207. 
Enoch, T. and Nurse, P. (1991) Coupling M phase and S phase: controls maintaining the 
dependence of mitosis on chromosome replication. Cell, 65,921-923. 
Erdődi, F., Tóth, B., Hirano, K., Hirano, M., Hartshorne, D.J., Gergely, P. (1995) 
Endothall thioanhydride inhibits protein phosphatases-1 and -2A in vivo. Am J Physiol. 269, 
1176-1184. 
Evans, I.M., Fawcett, T., Boulter, D., Fordham-Skelton, A.P. (1994) A homologue of the 65 
kDa regulatory subunit of protein phosphatase 2A in early pea (Pisum sativum L.) embryos. 
Plant Mol Biol. 24, 689-695. 
103 
References 
Evans, D.R. and Stark, M.J. (1997) Mutations in the Saccharomyces cerevisiae type 2A 
protein phosphatase catalytic subunit reveal roles in cell wall integrity, actin cytoskeleton 
organization and mitosis. Genetics, 145,227-241. 
Ewen, M.E., Sluss, H.K., Sherr, C.J., Matsushime, H., Kato, J., Livingston, D.M. (1993) 
Functional interactions of the retinoblastoma protein with mammalian D-type cyclins. 
Cell, 73,487-497. 
Feiler, H.S and Jacobs, T.W. (1990) Cell division in higher plants: a cdc2 gene, its 34-kDa 
product, and histone HI kinase activity in pea. Proc Natl Acad Sci USA. 87,5397-5401. 
Felix, M.A., Pines, J., Hunt, T., Karsenti, E. (1989) A post-ribosomal supernatant from 
activated Xenopus eggs that displays post-translationally regulated oscillation of its cdc2+ 
mitotic kinase activity. EMBO J. 8, 3059-3069. 
Felix, M.A., Cohen, P., Karsenti, E. (1990) Cdc2 HI kinase is negatively regulated by a type 
2A phosphatase in the Xenopus early embryonic cell cycle: evidence from the effects of 
okadaic acid. EMBO J. 9,675-683. 
Fernandez, A., Brautigan, D.L., Lamb, N.J. (1992) Protein phosphatase type 1 in mammalian 
cell mitosis: chromosomal localization and involvement in mitotic exit. J Cell Biol. 116,1421-
1430. 
Ferreira, P.C., Hemerly, A.S., Van Montagu, M., Inze, D. (1993) A protein phosphatase 1 
from Arabidopsis thaliana restores temperature sensitivity of a Schizosaccharomyces pombe 
cdc25ts/weel- double mutant. Plant J. 4, 81-87. 
Ferrigno, P., Langan, T.A., Cohen, P. (1993) Protein phosphatase 2A1 is the major enzyme 
in vertebrate cell extracts that dephosphorylates several physiological substrates for cyclin-
dependent. Mol Biol Cell, 4,669-677. 
Fobert, P.R., Coen, E.S., Murphy, G.J. and Doonan, J.H. (1994) Patterns of cell division 
revealed by transcriptional regulation of genes during the cell cycle in plants. EMBO J. 13, 
616-624. 
Fobert, P.R., Gaudin, V., Lunness, P., Coen, E.S., Doonan, J.H. (1996) Distinct classes of 
cdc2-related genes are differentially expressed during the cell division cycle in plants. Plant 
Cell, 8,1465-1476. 
Fowler, J.E. and Quatrano, R.S. (1997) Plant cell morphogenesis: plasma membrane 
interactions with the cytoskeleton and cell wall. Annu Rev Cell Dev Biol. 13,697-743. 
Garbers, C., DeLong, A., Deruere, J., Bemasconi, P., Soil, D. (1996) A mutation in protein 
phosphatase 2A regulatory subunit A affects auxin transport in Arabidopsis. EMBO J. 15, 
2115-2124. 
Ghosh, S., Schroeter, D., Paweletz, N. (1996) Okadaic acid overrides the S-phase check point 
104 
References 
and accelerates progression of G2-phase to induce premature mitosis in HeLa cells. Exp Cell 
Res. 227,165-169. 
Ghosh, S., Paweletz, N., Schroeter, D. (1998) Cdc2-independent induction of premature 
mitosis by okadaic acid in HeLa cells. Exp Cell Res. 242,1-9. 
Gomes, R., Karess, R.E., Ohkura, H., Glover, D.M., Sunkel, C.E. (1993) Abnormal anaphase 
resolution (aar): a locus required for progression through mitosis in Drosophila. J Cell Sci. 
104,583-593. 
Goodbody, K.C. and Lloyd, C.W. (1994) In Plant cell biology: A practical approach (N. 
Harris and K. J. Oparka, eds.), Oxford, IRL Press, pp.221-243. 
Graft, G. and Larkins, B.A. (1995) Activity of single-stranded DNA endonucleases in mung 
bean is associated with cell division. Plant Mol Biol. 29,703-710. 
Grafi, G., Burnett, R.J., Helentjaris, T., Larkins, B.A., DeCaprio, J.A., Sellers, W.R., Kaelin, 
W.G. Jr. (1996) A maize cDNA encoding a member of the retinoblastoma protein family: 
involvement in endoreduplication. Proc Natl Acad Sci USA. 93, 8962-8967. 
Gutierrez, C. (1998) The retinoblastoma pathway in plant cell cycle and development. Curr 
Opin Plant Biol. 1,492-497. 
Hardham, A.R. and Gunning, B.E.S. (1980) Some effects of colchicine on microtubules and 
cell division in roots of Azolla pinnata. Protoplasma, 102,31-51. 
Harper, J.W. and Elledge, S.J. (1998) The role of Cdk7 in CAK function, a retro-
retrospective. Genes Dev. 12,285-289. 
Hartwell, L. (1974) Saccharomyces cerevisiae cell cycle. Bacteriol Rev. 38,164-198. 
Hartwell, L. and Weinert, T. (1989) Checkpoints: Controls that ensure the order of cell cycle 
events. Science, 246,629-634. 
Hasezawa, S. and Nagata, T. (1992) Okadaic Acid as a Probe to Analyse the Cell Cycle 
Progression in Plant Cells. Botanica Acta, 105,63-69. 
Haynes, J.G., Hartung, A.J., Hendershot, J.D., Passingham, R.S., Rundle, S.J. (1999) 
Molecular characterization of the B' regulatory subunit gene family of Arabidopsis protein 
phosphatase 2A. EurJBiochem. 260,127-136. 
Haystead, T.A., Haystead, C.M., Hu, C., Lin, T.A., Lawrence, J.C. Jr. (1994) Phosphorylation 
of PHAS-I by mitogen-activated protein (MAP) kinase. Identification of a site phosphorylated 
by MAP kinase in vitro and in response to insulin in rat adipocytes. J Biol Chem. 269, 23185-
23191. 
Helin, K. (1998) Regulation of cell proliferation by the E2F transcription factors. Curr Opin 
Genet Dev. 8,28-35. 
105 
References 
Hemerly, A., Ferreira, P., de Almeida Engler, J., Van Montagu, M., Engler, G. and Inze, D. 
(1993) cdc2a expression in Arabidopsis is linked with competence for cell division. Plant 
Cell, 5,1711-1723. 
Hemerly, A., Engler, J de A, Bergounioux, C., Van Montagu, M., Engler, G., Inze, D. and 
Ferreira, P. (1995) Dominant negative mutants of the Cdc2 kinase uncouple cell division from 
iterative plant development. EMBOJ. 14,3925-3936. 
Hirt, H., Pay, A., Gyorgyey, J., Bako, L., Nemeth, K., Bogre, L., Schweyen, R.J., Heberle-
Bors, E., Dudits, D. (1991) Complementation of a yeast cell cycle mutant by an alfalfa cDNA 
encoding a protein kinase homologous to p34cdc2. Proc Natl Acad Sci USA. 88,1636-1640. 
Honkanen, R.E. (1993) Cantharidin, another natural toxin that inhibits the activity of 
serine/threonine protein phosphatases types 1 and 2A. FEBS Lett. 330, 283-286. 
Hunter, T. (1995) Protein kinases and phosphatases: the yin and yang of protein 
phosphorylation and signalling. Cell, 80, 225-236. 
Huntley, R., Healy, S., Freeman, D., Lavender, P., de Jager, S., Greenwood, J., Makker, J., 
Walker, E., Jackman, M., Xie, Q., Bannister, A.J., Kouzarides, T., Gutierrez, C., Doonan, J.H., 
Murray, J.A. (1998) The maize retinoblastoma protein homologue ZmRb-1 is regulated during 
leaf development and displays conserved interactions with Gl/S regulators and plant cyclin D 
(CycD) proteins. Plant Mol Biol. 37,155-169. 
Hush, J., Wu, L., John, P.C., Hepler, L.H., Hepler, P.K. (1996) Plant mitosis promoting factor 
disassembles the microtubule preprophase band and accelerates prophase progression in 
Tradescantia. Cell Biol Int. 20,275-287. 
Ingebritsen, T.S. and Cohen, P. (1983) Protein phosphatases: properties and role in cellular 
regulation. Science, 221,331-338. 
Ishida, Y., Furukawa, Y., Decaprio, J.A., Saito, M., Griffin, J.D. (1992) Treatment of myeloid 
leukemic cells with the phosphatase inhibitor okadaic acid induces cell cycle arrest at either 
Gl/S or G2/M depending on dose. J Cell Physiol. 150,484-492. 
Jacqmard, A., De Veylder, L., Segers, G., de Almeida Engler, J., Bernier, G., Van Montagu, 
M., Inze, D. (1999) Expression of CKSlAt in Arabidopsis thaliana indicates a role for the 
protein in both the mitotic and the endoreduplication cycle. Planta, 207,496-504. 
John, P.C., Sek, F.J. and Lee, M.G. (1989) A homolog of the cell cycle control protein 
p34cdc2 participates in the division cycle of Chlamydomonas, and a similar protein is 
detectable in higher plants and remote taxa. Plant Cell, 1,1185-1193. 
Kakimoto, T. and Shibaoka, H. (1987) Actin filaments and microtubules in the preprophase 
band and phragmoplast of tobacco cells. Protoplasma, 140,151-156. 
106 
References 
Katsuta, J. and Shibaoka, H. (1992) Inhibition by kinase inhibitors of the development and 
the disappearance of the preprophase band of microtubules in tobacco BY-2 cells. J Cell Sci. 
103, 397- 405. 
King, R.W., Jackson, P.K. and Kirschner, M.W. (1994) Mitosis in transition. Cell, 79, 563-
571. 
Kinoshita, N., Ohkura, H., Yanagida, M. (1990) Distinct, essential roles of type 1 and 2A 
protein phosphatases in the control of the fission yeast cell division cycle. Cell, 63,405-415. 
Kinoshita, N., Yamano, H., Niwa, H., Yoshida, T., Yanagida, M. (1993) Negative regulation 
of mitosis by the fission yeast protein phosphatase pp2a. Genes Dev. 7,1059-1071. 
Kinoshita, K., Nemoto, T., Nabeshima, K., Kondoh, H., Niwa, H., Yanagida, M. (1996) The 
regulatory subunits of fission yeast protein phosphatase 2A (PP2A) affect cell morphogenesis, 
cell wall synthesis and cytokinesis. Genes Cells, 1,29-45. 
Kouchi, H., Sekine, M., Hata, S. (1995) Distinct classes of mitotic cyclins are differentially 
expressed in the soybean shoot apex during the cell cycle. Plant Cell, 7,1143-1155. 
Kumagai, A. and Dunphy, W.G. (1992) Regulation of the cdc25 protein during the cell cycle 
in Xenopus extracts. Cell, 70,139-151. 
LaTorre, K.A., Harris, D.M., Rundle, S.J. (1997) Differential expression of three Arabidopsis 
genes encoding the B' regulatory subunit of protein phosphatase 2A. Eur J Biochem. 245,156-
163. 
Leatherwood, J. (1998) Emerging mechanisms of eukaryotic DNA replication initiation. Curr 
Opin Cell Biol. 10,742-748. 
Lee, T.H., Solomon, M.J., Mumby, M.C., Kirschner, M.W. (1991) INH, a negative regulator 
of MPF, is a form of protein phosphatase 2A. Cell, 64,415-423. 
Lee, T.H. (1995) The role of protein phosphatase type-2A in the Xenopus cell cycle: initiation 
of the G2/M transition. Semin Cancer Biol. 6, 203-209. 
Li, Y.M. and Casida, J.E. (1992) Cantharidin-binding protein: identification as protein 
phosphatase 2A. Proc Natl Acad Sci USA. 89,11867-11870. 
Li, Y.M., MacKintosh, C., Casida, J.E. (1993) Protein phosphatase 2A and its 
[3H]cantharidin/[3H]endothall thioanhydride binding site. Inhibitor specificity of cantharidin 
and ATP analogues. Biochem Pharmacol. 46,1435-1443. 
Liu, B. and Palevitz, B.A. (1992) Organization of cortical microfilaments in dividing root 
cells. Cell Motil Cytoskeleton, 23,252-264. 
Lloyd, C.W. and Traas, J.A. (1988) The role of F-actin in determining the division plane of 
carrot suspension cells. Drug studies. Development, 102,211-221. 
Lohka, M.J. (1989) Mitotic control by metaphase-promoting factor and cdc proteins. J Cell 
Sci. 92,131-135. 
107 
References 
Lorbiecke, R. and Sauter, M. (1999) Adventitious root growth and cell-cycle induction in 
deepwater rice. Plant Physiol. 119,21-30. 
Machida, Y., Nakashima, M., Morikiyo, K., Banno, H., Ishikawa, M., Soyano, T., Nishihama, 
R. (1998) MAPKKK-related protein kinase NPK1: regulation of the M phase of plant cell 
cycle. J Plant Res. I l l , 243-246. 
MacKintosh, C. and Cohen, P. (1989) Identification of high levels of type 1 and type 2A 
protein phosphatases in higher plants. Biochem J. 262, 335-339. 
MacKintosh, C., Coggins, J., Cohen, P. (1991) Plant protein phosphatases. Subcellular 
distribution, detection of protein phosphatase 2C and identification of protein phosphatase 2A 
as the major quinate dehydrogenase phosphatase. Biochem J. 273,733-738. 
MacKintosh, C. (1992) Regulation of spinach-leaf nitrate reductase by reversible 
phosphorylation. Biochim Biophys Acta, 1137,121-126. 
MacKintosh, C., Lyon, G.D., MacKintosh, R.W. (1994) Protein phosphatase inhibitors 
activate anti-fungal defence responses of soybean cotyledons and cell cultures. Plant J. 5,137-
147. 
MacKintosh, C. and MacKintosh, R.W. (1994) Inhibitors of protein kinases and 
phosphatases. Trends Biochem Sci. 19,444-448. 
Magyar, Z., Bakó, L., Bögre, L., Dedeoglu, D., Kapros, T. and Dudits, D. (1993) Active cdc2 
genes and cell cycle phase-specific cdc2-related kinase complexes in hormone- stimulated 
alfalfa cells. Plant J. 4,151-161. 
Magyar, Z., Mészáros, T., Miskolczi, P., Deák, M., Fehér, A., Brown, S., Kondorosi, E., 
Athanasiadis, A., Pongor, S., Bilgin, M., Bakó, L., Koncz, C., Dudits, D. (1997) Cell cycle 
phase specificity of putative cyclin-dependent kinase variants in synchronized alfalfa cells. 
Plant Cell, 9,223-235. 
Martinez, M.C., Jorgensen, J.E., Lawton, M.A., Lamb, C.J. and Doemer, P.W. (1992) Spatial 
pattern of cdc2 expression in relation to meristem activity and cell proliferation during plant 
development. Proc Natl Acad Sci USA. 89,7360-7364. 
Matsuzawa, M., Graziano, M.J., Casida, J.E. (1987) Endothall and cantharidin analogs: 
Relation of structuré to herbicidal activity and mammalian toxicity. J Agric Food Chem. 35, 
823-829. 
Mayer-Jaekel, R.E., Ohkura, H., Gomes, R., Sunkel, C.E., Baumgartner, S., Hemmings, B.A., 
Glover, D.M. (1993) The 55 kDa regulatory subunit of Drosophila protein phosphatase 2A is 
required for anaphase. Cell, 72,621-633. 
McKibbin, R.S., Halford, N.G., Francis, D. (1998) Expression of fission yeast cdc25 alters 
the frequency of lateral root formation in transgenic tobacco. Plant Mol Biol. 36,601-612. 
108 
References 
Meskiene, I., Bögre, L., Dahl, M., Pirck, M., Ha, D.T., Swoboda, I., Heberle-Bors, E., 
Ammerer, G., Hirt, H. (1995) CycMs3, a novel B-type alfalfa cyclin gene, is induced in the 
GO-to-Gl transition of the cell cycle. Plant Cell, 7,759-771. 
Mészáros, T., Miskolczi, P., Ayaydin, F., Pettko-Szandtner, A., Peres, A., Magyar, Z., Horváth, 
V.G., Bakó, L., Fehér, A., Dudits, D. (2000) Multiple cyclin-dependent kinase complexes and 
phosphatases control G2/M progression in alfalfa cells. Plant Mol Biol. 43,595-605. 
Mews, M., Baluska, F., Volkmann, D. (1996) Tissue and development specific distribution of 
PSTAIR proteins in cells of control and wounded maize root apices. J Exp Bot. 47,759-771. 
Mews, M., Sek, F.J., Moore, R., Volkmann, D., Gunning, B.E.S. (1997) Mitotic cyclin 
distribution during maize cell division: implications for the sequence diversity and function of 
cyclins in plants. Protoplasma, 200,128-145. 
Miller, D.D., Lancelle, S.A., Hepler, P.K. (1996) Actin microfilaments do not form a dense 
meshwork in Lillum longiflorum pollen tube tips. Protoplasma, 195,123. 
Millward, T.A., Zolnierowicz, S., Hemmings, B.A. (1999) Regulation of protein kinase 
cascades by protein phosphatase 2A. Trends Biochem Sci. 24,186-191. 
Mineyuki, Y. and Gunning, B.E.S. (1990) A role for preprophase bands of microtubules in 
maturation of new cell walls, and a general proposal on the function of preprophase band sites 
in cell division in higher plants. J Cell Sci. 97,527-538. 
Mineyuki, Y. (1999) The preprophase band of microtubules: Its function as a cytokinetic 
apparatus in higher plants. Int Rev Cytol. 187,1-49. 
Minshull, J., Straight, A., Rudner, A.D., Dernburg, A.F., Belmont, A., Murray, A.W. (1996) 
Protein phosphatase 2A regulates MPF activity and sister chromatid cohesion in budding 
yeast. CurrBiol. 6,1609-1620. 
Mironov, V., Van Montagu, M., Inze, D. (1997) Regulation of cell division in plants: an 
Arabidopsis perspective. Prog Cell Cycle Res. 3, 29-41. 
Mironov, V., De Veylder, L., Van Montagu, M. and Inze D. (1999) Cyclin-dependent kinases 
and cell division in plants- the nexus. Plant Cell, 11,509-522. 
Mittnacht, S. (1998) Control of pRB phosphorylation. Curr Opin Genet Dev. 8,21-27. 
Moreno, S., Hayles, J., Nurse, P. (1989) Regulation of p34cdc2 protein kinase during mitosis. 
Cell, 58,361-372. 
Mueller, P.R., Coleman, T.R., Dunphy, W.G. (1995) Cell cycle regulation of a Xenopus 
Weel-like kinase. Mol Biol Cell, 6,119-134. 
Murashige, T. and Skoog, F. (1962) A revised medium for rapid growth and bioassays with 
tobacco tissue culture. Physiol Plant. 15,473-497. 
109 
References 
Murata, T. and Wada, M. (1992) Cell cycle-specific disruption of the preprophase band of 
microtubules in fern protonemata: Effects of displacement of the endoplasm by centrifugation. 
J Cell Sci. 101,93-98. 
Nakashima, M., Hirano, K., Nakashima, S., Banno, H., Nishihama, R., Machida, Y. (1998) 
The expression pattern of the gene for NPK1 protein kinase that is related to mitogen-activated 
protein kinase kinase kinase (MAPKKK) in a tobacco plant: correlation with cell proliferation. 
Plant Cell Physiol. 39, 690-700. 
Nakayama, K. and Nakayama, K. (1998) Cip/Kip cyclin-dependent kinase inhibitors: brakes 
of the cell cycle engine during development. Bioessays, 20,1020-1029. 
Nigg E.A. (1995) Cyclin-dependent protein kinases: key regulators of the eukaryotic cell 
cycle. Bioessays, 17,471-480. 
Nishihama, R., Banno, H., Kawahara, E., Lie, K., Machida, Y. (1997) Possible involvement 
of differential splicing in regulation of the activity of Arabidopsis ANP1 that is related to 
mitogen-activated protein kinase kinase kinases (MAPKKKs). Plant J. 12, 39-48. 
Nishiwaki-Matsushima, R., Ohta, T., Nishiwaki, S., Suganuma, M., Kohyama, K., Ishikawa, 
T., Carmichael, W.W., Fujiki, H. (1992) Liver tumor promotion by the cyanobacterial cyclic 
peptide toxin microcystin-LR. J Cancer Res Clin Oncol. 118,420-424. 
Nitschke, K., Fleig, U., Schell, J., Palme, K. (1992) Complementation of the cs dis2-ll cell 
cycle mutant of Schizosaccharomyces pombe by a protein phosphatase from Arabidopsis 
thaliana. EMBOJ. 11,1327-1333. 
Norbury, C.J., and Nurse, P. (1989) Control of the higher eukaryote cell cycle by p34cdc2 
homologues. Biochim Biophys Acta, 989, 85-95. 
Nurse, P. (1991) Cell cycle. Checkpoints and spindles. Nature, 354,356-358. 
Ohkura, H., Adachi, Y., Kinoshita, N., Niwa, O., Toda, T., Yanagida, M. (1988) Cold-
sensitive and caffeine-supersensitive mutants of the Schizosaccharomyces pombe dis genes 
implicated in sister chromatid separation during mitosis. EMBO J. 7,1465-1473. 
Ohkura, H., Kinoshita, N., Miyatani, S., Toda, T., Yanagida, M. (1989) The fission yeast 
dis2+ gene required for chromosome disjoining encodes one of two putative type 1 protein 
phosphatases. Cell, 57,997-1007. 
Palevitz, B.A. and Hepler, P.K. (1974) The control of the plane of division during stomatal 
differentiation in Allium. Chromosoma, 46, 327-341. 
Pardee, A. (1989) G1 events and regulation of cell proliferation. Science, 246,603-608. 
Pay, A., Pirck, M., Bogre, L., Hirt, H., Heberle-Bors, E. (1994) Isolation and characterization 
of phosphoprotein phosphatase 1 from alfalfa. Mol Gen Genet. 244,176-182. 
110 
References 
Perez-Callejon, E., Casamayor, A., Pujol, G., Camps, M., Ferrer, A., Arino, J. (1998) 
Molecular cloning and characterization of two phosphatase 2A catalytic subunit genes from 
Arabidopsis thaliana. Gene, 209,105-112. 
Picard, A., Labbé, J.C., Barakat, H., Cavadore, J.C., Dorée, M. (1991) Okadaic acid mimics 
a nuclear component required for cyclin B-cdc2 kinase microinjection to drive starfish oocytes 
into M phase. J Cell Biol 115, 337-344. 
Pickett-Heaps, J.D., Gunning, B.E.S., Brown, R.C., Lemmon, B.E., Cleary, A.L. (1999) The 
cytoplast concept in dividing plant cells: cytoplasmic domains and the evolution of spatially 
organized cell division. Am J Bot. 86,153-172. 
Pines, J. (1996a) Cyclin from sea urchins to HeLas: making the human cell cycle. Biochem 
Soc Trans. 24,15-33. 
Pines J. (1996b) Cell cycle: reaching for a role for the Cks proteins. Curr Biol. 6,1399-1402. 
Pines, J. (1999) Four-dimensional control of the cell cycle. Nat Cell Biol. 1,73-79. 
Pirck, M., Pay, A., Heberle-Bors, E., Hirt, H. (1993) Isolation and characterization of a 
phosphoprotein phosphatase type 2A gene from alfalfa. Mol Gen Genet. 240,126-131. 
Poon, R.Y. and Hunter, T. (1995) Dephosphorylation of Cdk2 Thrl60 by the cyclin-
dependent kinase-interacting phosphatase KAP in the absence of cyclin. Science, 270,90-93. 
Reichheld, J.P., Chaubet, N., Shen, W.H., Renaudin, J.P., Gigot, C. (1996) Multiple A-type 
cyclins express sequentially during the cell cycle in Nicotiana tabacum BY2 cells. Proc Natl 
AcadSci USA. 93,13819-13824. 
Renaudin, J.P., Doonan, J.H., Freeman, D., Hashimoto, J., Hirt, H., Inze, D. and 
Sundaresan, V. (1996) Plant cyclins: a unified nomenclature for plant A-, B- and D-type 
cyclins based on sequence organization. Plant Mol Biol. 32,1003-1018. 
Rundle, S.J. and Nasrallah, J.B. (1992) Molecular characterization of type 1 serine/threonine 
phosphatases from Brassica oleracea. Plant Mol Biol. 20, 367-375. 
Rundle, S.J., Hartung, A.J., Coram, J.W., O'Neill, M. (1995) Characterization of a cDNA 
encoding the 55 kDa B regulatory subunit of Arabidopsis protein phosphatase 2A. Plant Mol 
Biol. 28,257-266. 
Sakai, R., Dceda, I., Kitani, H., Fujiki, H., Takaku, F., Rapp, U., Sugimura, T., Nagao, M. 
(1989) Flat reversion by okadaic acid of raf and ret-II transformants. Proc Natl Acad Sci USA. 
86,9946-9950. 
Samuels, A.L., Giddings, T.H., Staehelin, L.A. (1995) Cytokinesis in tobacco BY-2 and root 
tip cells: a new model of cell plate formation in higherplants. J Cell Biol. 130,1345-1357. 
Sauter M. (1997) Differential expression of a CAK (cdc2-activating kinase)-like protein 
kinase, cyclins and cdc2 genes from rice during the cell cycle and in response to gibberellin. 
Plant J. 11,181-190. 
Ill 
References 
Schuppler, U., He, P.H., John, P.C., Munns, R. (1998) Effect of water stress on cell division 
and cell-division-cycle 2-like cell-cycle kinase activity in wheat leaves. Plant Physiol. 117, 
667-678. 
Segers, G., Gadisseur, I., Bergounioux, C., de Almeida Engler, J., Jacqmard, A., Van 
Montagu, M. and Inze, D. (1996) The Arabidopsis cyclin-dependent kinase gene cdc2bAt is 
preferentially expressed during S and G2 phases of the cell cycle. Plant J. 10,601-612. 
Segers, G., Rouze, P., Van Montagu, M. and Inze, D. (1997) Cyclin-dependent kinases in 
plants. In Plant Cell proliferation and its regulation in growth and development. (J.A. Bryant, 
D. Chiatante, eds.), Chichester: John Wiley and Sons, pp. 1-19. 
Setiady, Y.Y., Sekine, M., Hariguchi, N., Yamamoto, T., Kouchi, H., Shinmyo, A. (1995) 
Tobacco mitotic cyclins: cloning, characterization, gene expression and functional assay. 
Plant J. 8, 949-957. 
Setiady, Y.Y., Sekine, M., Hariguchi, N., Kouchi, H., Shinmyo, A. (1996) Molecular cloning 
and characterization of a cDNA clone that encodes a Cdc2 homolog from Nicotiana tabacum. 
Plant Cell Physiol. 37, 369-376. 
Shaul, O., Mironov, V., Burssens, S., Van Montagu, M., Inze, D. (1996) Two Arabidopsis 
cyclin promoters mediate distinctive transcriptional oscillation in synchronized tobacco BY-2 
cells. Proc Natl Acad Sci USA. 93,4868-4872. 
Sheen, J. (1993) Protein phosphatase activity is required for light-inducible gene expression in 
maize. EMBO J. 12,3497-3505. 
Shenolikar S. (1994) Protein serine/threonine phosphatases-new avenues for cell regulation. 
Annu Rev Cell Biol. 10,55-86. 
Shima, H., Haneji, T., Hatano, Y., Kasugai, I., Sugimura, T., Nagao, M. (1993) Protein 
phosphatase 1 gamma 2 is associated with nuclei of meiotic cells in rat testis. Biochem 
Biophys Res Commun. 194,930-937. 
Siegl, G., MacKintosh, G, Stitt, M. (1990) Sucrose-phosphate synthase is dephosphorylated 
by protein phosphatase 2A in spinach leaves. Evidence from the effects of okadaic acid and 
microcystin. FEBS Lett. 270,198-202. 
Slabas, A.R., Fordham-Skelton, A.P., Fletcher, D., Martinez-Rivas, J.M., Swinhoe, R., Cray, 
R.R., Evans, I.M. (1994) Characterisation of cDNA and genomic clones encoding homologues 
of the 65 kDa regulatory subunit of protein phosphatase 2A in Arabidopsis thaliana. Plant 
Mol Biol. 26,1125-1138. 
Smith, R.D. and Walker, J.C. (1991) Isolation and expression of maize type 1 protein 
phosphatase Plant Physiol. 97, 677-683. 
Smith, R.D., Lin, Q., Cannon, J.F.,Walker, J.C. (1995) Type 1 and Type 2C protein 
phosphatases of higher plants. Adv Protein Phosphatases, 9,105-120. 
112 
References 
Smith, R.D. and Walker, J.C. (1996) Plant protein phosphatases. Annu. Rev. Plant Physiol. 
Plant Mol Biol. 47,101-125. 
Smith, L.G. (1999) Divide and conquer: cytokinesis in plant cells. Curr Opin Plant Biol. 2, 
447-453. 
Smythe, C. and Newport, J.W. (1992) Coupling of mitosis to the completion of S phase in 
Xenopus occurs via modulation of die tyrosine kinase that phosphorylates p34cdc2. Cell, 68, 
787-797. 
Snaith, H.A., Armstrong, C.G., Guo, Y., Kaiser, K., Cohen, P.T. (1996) Deficiency of protein 
phosphatase 2A uncouples the nuclear and centrosome cycles and prevents attachment of 
microtubules to the kinetochore in Drosophila microtubule star (mts) embryos. J Cell Sci. 109, 
3001-3012. 
Soni, R., Carmichael, J.P., Shah, Z.H., Murray, J.A. (1995) A family of cyclin D homologs 
from plants differentially controlled by growth regulators and containing the conserved 
retinoblastoma protein interaction motif. Plant Cell, 7, 85-103. 
Sorrell, D.A., Combettes, B., Chaubet-Gigot, N., Gigot, C., Murray, J.A. (1999) Distinct 
cyclin D genes show mitotic accumulation or constant levels of transcripts in tobacco bright 
yellow-2 cells. Plant Physiol. 119, 343-352. 
Springer, P.S., McCombie, W.R., Sundaresan, V., Martienssen, R.A. (1995) Gene trap 
tagging of PROLIFERA, an essential MCM2-3-5-like gene in Arabidopsis. Science, 268, 877-
880. 
Staehelin, L.A. and Hepler, P.K. (1996) Cytokinesis in higher plants. Cell, 84,821-824. 
Stals, H., Bauwens, S., Traas, J., Van Montagu, M., Engler, G., Inze, D. (1997) Plant CDC2 is 
not only targeted to the pre-prophase band, but also co-localizes with the spindle, 
phragmoplast, and chromosomes. FEBS Lett. 418, 229-234. 
Stals, H., Casteels, P., Van Montagu, M. , Inze, D. (2000) Regulation of cyclin-dependent 
kinases in Arabidopsis thaliana. Plant Mol Biol. 43,583-593. 
Stark, M.J., Black, S., Sneddon, A.A., Andrews, P.D. (1994) Genetic analyses of yeast 
protein serine/threonine phosphatases. FEMS Microbiol Lett. 117,121-130. 
Stuart, J.S., Frederick, D.L., Varner, C.M., Tatchell, K. (1994) The mutant type 1 protein 
phosphatase encoded by glc7-l from Saccharomyces cerevisiae fails to interact productively 
with the GACl-encoded regulatory subunit. Mol Cell Biol. 14,896-905. 
Suh, M.C., Cho, H.S., Kim, YS., Liu, J.R., Lee, H.S. (1998) Multiple genes encoding 
serine/threonine protein phosphatases and their differential expression in Nicotiana tabacum. 
Plant Mol Biol. 36, 315-322. 
Sylvester, A.W., Smith, L., Freeling, M. (1996) Acquisition of identity in the developing leaf. 
Annu Rev Cell Dev Biol. 12, 257-304. 
113 
References 
Thiery, J.P., Blazsek, I., Legras, S., Marion, S., Reynes, M., Anjo, A., Adam, R., Misset, J.L. 
(1999) Hepatocellular carcinoma cell lines from diethylnitrosamine phenobarbital-treated rats. 
Characterization and sensitivity to endothall, a protein serine/threonine phosphatase-2A 
inhibitor. Hepatology, 29,1406-1417. 
Torres-Ruiz, R.A. and Jürgens, G. (1994): Mutations in the FASS gene uncouple pattern 
formation and morphogenesis in Arabidopsis development. Development, 120,2967-2978. 
Tóth, E.C., Vissi, E., Kovács, I., Szőke, A., Arino, J., Gergely, P., Dudits, D., Dombrádi, V. 
(2000) Protein phosphatase 2A holoenzyme and its subunits from Medicago sativa. Plant Mól 
Biol. 43, 527-536. 
Tournebize, R., Andersen, S.S., Verde, F., Doree, M., Karsenti, E., Hyman, A.A. (1997) 
Distinct roles of PP1 and PP2A-like phosphatases in control of microtubule dynamics during 
mitosis. EMBO J. 16,5537-5549. 
Traas, J., Bellini, C., Nacry, P., Kronenberger, J., Bouchez, D., Caboche, M. (1995) Normal 
differentiation patterns in plants lacking microtubular preprophase bands. Nature, 375, 676-
677. 
Uemura, T., Shiomi, K., Togashi, S., Takeichi, M. (1993) Mutation of twins encoding a 
regulator of protein phosphatase 2A leads to pattern duplication in Drosophila imaginal discs. 
Genes Dev. 7,429-440. 
Umeda, M., Bhalerao, R.P., Schell, J., Uchimiya, H., Koncz, C. (1998) A distinct cyclin-
dependent kinase-activating kinase of Arabidopsis thaliana. Proc Natl Acad Sci USA. 95, 
5021-5026. 
Umeda, M., Umeda-Hara, C., Yamaguchi, M., Hashimoto, J. and Uchimiya, H. (1999) 
Differential expression of genes for cyclin-dependent protein kinases in rice plants. Plant 
Physiol. 119, 31-40. 
Valets, A.H.D. and Hepler, P.K. (1997) Caffeine inhibition of cytokinesis: effect on the 
phragmoplast cytoskeleton in living Tradescantia stamen hair cells. Protoplasma, 196, 155— 
166. 
Valster, A.H., Pierson, E.S., Valenta, R., Hepler, P.K., Emons, A.M.C. (1997) Probing the 
plant actin cytoskeleton during cytokinesis and interphase by profilin microinjection. Plant 
Cell, 9,1815-1824. 
Valster, A.H. and Hepler, P.K. (1997) Caffeine inhibition of cytokinesis: effect on the 
phragmoplast cytoskeleton in living Tradescantia stamen hair cells. Protoplasma, 196, 155— 
166. 
Van't Hof, J. (1985) Control points within the cell cycle. In The Cell Division Cycle in Plants. 
(J. Bryant and D. Francis, eds.) Cambridge Univ. Press, Cambridge, pp. 1-13. 
114 
References 
Verma, D.P.S. and Gu, X. (1996) Vesicle dynamics during cell plate formation in plants. 
Trends Plant Sci. 1,145-149. 
Vissi, E., Tóth, E.C., Kovács, I., Magyar, Z., Horváth, G.V., Bagossi, P., Gergely, P., Dudits, 
D., Dombrádi, V. (1998) Protein phosphatase 1 catalytic subunit isoforms from alfalfa: 
biochemical characterization and cDNA cloning. Arch Biochem Biophys. 360,206-214. 
Vissi, E., Tóth, E.C., Ayaydin, F., Kokai, E., Gergely, P., Dudits, D., Dombrádi, V. (2001) 
The protein phosphatases and their functions in plants. Proceedings of the NATO/FEBS 
Meeting on Protein modules in cellular signaling (manuscript accepted for publication). 
Wang, H., Fowke, L.C., Crosby, W.L. (1997) A plant cyclin-dependent kinase inhibitor gene. 
Nature, 386,451-452. 
Wang, H„ Qi, Q., Schorr, P., Cutler, A.J., Crosby, W.L., Fowke, L.C. (1998) ICK1, a cyclin-
dependent protein kinase inhibitor from Arabidopsis thaliana interacts with both Cdc2a and 
CycD3, and its expression is induced by abscisic acid. Plant J. 15, 501-510. 
Wera, S. and Hemmings, B.A. (1995) Serine/threonine protein phosphatases. Biochem J. 311, 
17-29. 
Wick, S.M. (1991) Spatial aspects of cytokinesis in plant cells. Curr Opin Cell Biol. 3, 253-
260. 
Wilkinson, J.Q. and Crawford, N.M. (1991) Identification of the Arabidopsis CHL3 gene as 
the nitrate reductase structural gene NIA2. Plant Cell, 3,461-471. 
Xie, Q., Sanz-Burgos, A.P., Hannon, G.J., Gutierrez, C. (1996) Plant cells contain a novel 
member of the retinoblastoma family of growth regulatory proteins. EMBO J. 15,4900-4908. 
Xiong, W., Pestell, R., Rosner, M.R. (1997) Role of cyclins in neuronal differentiation of 
immortalized hippocampal cells. Mól Cell Biol. 17, 6585-6597. 
Yamaguchi, M., Umeda. M. and Uchimiya, H. (1998) A rice homolog of Cdk7/M015 
phosphorylates both cyclin-dependent protein kinases and the carboxy-terminal domain of 
RNA polymerase Ü. Plant J. 16,613-619. 
Yamashita, K„ Yasuda, H., Pines, J., Yasumoto, K., Nishitani, H., Ohtsubo, M., Hunter, T., 
Sugimura, T., Nishimoto, T. (1990) Okadaic acid, a potent inhibitor of type 1 and type 2A 
protein phosphatases, activates cdc2/Hl kinase and transiently induces a premature mitosis-
like state in BHK21 cells. EMBO J. 9,4331-4338. 
Zhang, K., Tsukitani, Y. and John, P.C.L. (1992) Mitotic arrest in tobacco caused by the 
phosphoprotein phosphatase inhibitor okadaic acid. Plant Cell Physiol. 33,677-688. 
Zhang, K., Letham, D.S., John, P.C. (1996) Cytokinin controls the cell cycle at mitosis by 
stimulating the tyrosine dephosphorylation and activation of p34cdc2-like HI histone kinase. 
Planta, 200, 2-12. 
115 
References 
Zhang, K., Diederich, L., Sek, F.J., Larkin, P.J., Letham, D.S., John, P.C.L. (1998) Cytokinin 
acts on cell division through Cdc25 phosphatase. Poster abstract on the 16th International 
Conference on Plant Growth Substances, Makuhari Messe, Japan, August 13-17. 
116 
Acknowledgements 
I wish to thank to my supervisor, Prof. Dr. Dénes Dudits, who not only gave me 
the chance to study at the laboratories of plant cell cycle and differentiation, but also 
guided me during planning and completion of this work. 
I am grateful to all of my colleagues at the laboratories of plant cell cycle and 
differentiation, especially to Dr. Tamás Mészáros, Pál Miskolczi and Izabella Kovács for 
their help and support. 
Very special thanks of mine go to Dr. Attila Fehér and Dr. Metin Bilgin for their 
experimental guidance and patience, to Prof. Dr.Viktor Dombrádi and Dr. Emese Vissi 
for their experimental help and suggestions, to Prof. Dr. Meral Yücel and Prof. Dr. 
Hüseyin A. Öktem for arming me with the basics of "theory and practice of scientific 
research", and to my father-Faruk Ayaydin, my mother-Fatma Ayaydin, my brother-Ferdi 
Ayaydin, Dr. Elfrieda Fodor and ízzet Enünlü for their emotional support during the 
preparation of this work. 
117 
